STUDILS ON THE STRUCTURE, TUNCTION AND REGULATICH

OF RABBIT RETICULOCYTE RIBOSOMES

Alphonse P. Krystosek, B. A.

A THESIS

Presented to the Department of Biochemistry
and the Graduate Division of the University of Oragon Medical School
in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy
June 1875



APPROVED:

- . . 3 . - © .

(Professor in Charge of Thesis)

i; (Chairman, Graduate Council)



Acknowledgements

I thank Dr. David Kabat for his kind and patient
guidance throughout the course of this work. I have benefited
from his thoughtful advice and have especially appreciated his
very human approach to ;cien¢e.,

I thank my fellow students for helpful éiscussions
and their interest in my ideas. I thank Cathy Krystosek and
Beverlee Cutler for help with lettering of the figures.

I was supported by National Institutes of Fealth

grant 5 TOl GM01200.



I'

II.

ITT.

TABLE OF CONTENTS

Introduction

A, Different Ribosome Classes and the Ribosome Cycle
of Protein Synthesis

B. Translational Regulation of Protein Synthesis

C. Control of Protein Synthesis During Reticulocyte
Maturation

D. Possible Relation of the Phosphorylation of
Ribosomal Proteins to Ribosome Activity

E. Statement of the Objectives of the Thesis Research

F. The Relation of Subunit Preparation to Ribosome
Structure and Stability

Materials and Methods

A. Preparation of Reticulocytes

B. Preparation of Ribosomes

C. Preparation of Reticulocyte Lysate for Cell-free
Protein Synthesis

D. Assay of Lysate Activity

E. Assay of Ribosomal Subunit Activity in the Lysate
System

F. Analysis of Ribosomal Subunit Activity in a
Fractionated Reticulocyte Cell-free Protein
Synthesizing System i

G. Other Methods

Results

A. Preparation of Polysomes, Single Ribosomes and
Native Ribosomal Subunits

B. Preparation of Ribosomal Subunits: Differences

Between Polysomal- and Single Ribosome-Derived
Subunits

Page

14

iV

29
26
26

27

37

37

uo

L3

7

50

50

¥



Assay of Ribosomal Subunit Activity in the

*Reticulocyte Lysate Cell-free Protein- Synthesis

1V. Disc

A.

DO

References

System

Assay of Ribosomal Subunit Activity in the
Fractionated Reticulocyte Cell-free Protein
Synthesis System

Assay of Fhosphorylated and Enzymatically Dephos-
phorylated Ribosomes in the Fractionated
Reticulocyte Cell-free Protein Synthesis System

ussion

Structural Differences between the Subunits of

Single Ribosomes and of Polysomes

Ribosomal Subunit Function in Cell-free Protein
Synthesizing Systems

Functional Differences between Polysomal- and
Single Ribosome-derived Subunits

- Function of Ribosomal Protein Phosphorylation

Page

79

1u7

156

153

164



I. Introduction

Ribosomes are the cellular organelles upon which protein
biosynthesis takes place. Whether the_ribosome is a passive
component in this process, providing only the éctive gite structure
for peptide bond formation, or whether the ribosome itself is a
regulated element in the control of protein synthesis has leng been
an unanswered question. As will be discussed later both active'ana
inactive forms of ribosomes exist in cells, but the cause of the
inactivation of ribosomes is not known. It could be due to either
a modification of the ribosome, or inactive single ribosomes might
accumulate secondafily to translational regulation of other com-
ponents which are required for protein synthesis. This dissertation
will, in parf, be concerned with an examination of the nature of the
inactivity of single ribosomes.

In this introduction I discus§ in Part A the various forms
and activity states of ribosomes and their relation to the normal
ribosome cycle of brotein synthesis. In B an evaluation of the
possible role of ribosomes in translational regulation is given. It
is emphasized that it has been difficult to localize.regulatory
events to the ribosome itself due to the complexities and several
levels of translational regulation. In C, I discuss aspects of
protein synthesis in reticulocytes which makes this éell a faﬁorable
model system for studying ribosome activity. In D, the possible
relation of the phosphorylation of ribosomal proteins to ribosome

activity is presented. An approach to the functional significance
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of this ribosomal metabolism fprms part of the experimental studies
of this dissertation. CEased on the above diécussions, the specific
aims of this thesis research are presented in E. And in F, the
preparation of ribosomal subunits, which is of paramount importance
in the research undertaken, is reviewed in terms of ribosome
structure and function. This last discussion is based on my belief
that the results of experiments on the function of ribosomal sub-
units must be interpreted in terms of their structural integrity in
- relation to the preparative methods employed.

Important aspects of ribosomes and protein synthesis not
discussed here are given in recent papers, reviews, monographs,
and symposia proceedings. These aspects include the protein compo-
sition of animal cell riboscmes (1-8), the biosynthesis and assembly
of animal cell ribosomes (9), the mechanism of protein biosynthesis
with emphasis on the role of nonribosomal protein factors (10-13),
the general structural design principles of ribosomes and their
functional interpretation (14-19), and a detailed discussion of the
control of hemoglobin synthesis at several levels (20). Interesting
historical accounts of the discovery of the mechanism of protein
synthesis have appeared (21-23),.

Although this dissertation is concerned with animal cell
ribosomes, the following discussion will, when appropriate, incorporate

results obtained from the more intensive investigations of bacterial



ribosomes. Such results often emphasize the universality of
ribosome structure and function and give a reference point for
evaluating new data when similar examples are not avajilable in
higher cell systems.

A. Different Ribosome Classes and the Ribosome Cycle of Protein

Synthesis

Protein synthesis occurs on ribosomal aggregates, termed
polyribosomes or polysomes by Rich (24). Such polysomes contain
messenger RNA and have been shown to occuf in a wide variety of
higher cells (2u4-34)., A distinct size class of active ribosomes
also exists in bacteria (22,35-38), but due to the sensitivity of
bécterial ribosomes to breakdown by the vigorous isolation methods
used, polysomes were hard to detect in early studies. Their existence
is now, however, well established (22,38). -

Native ribosomal subunits in mammalian cells are termed
60S (large subunit) and 408 (small subunit), based on their sedi-
mentation coefficients. l(This common S value nomenclature is used
in this dissertation, and in this field in general, without implying
an exact determination of the sedimentation coefficients»of the
ribosomal particles.) Native subunits occur as a constant propor-
tion, about 15-17 percent, of the cells ribosomal population (39)
and are implicated as the initiating ribosomal species in protein

synthesis in both procaryotes and eukaryotes. The evidence for this



- was at first indirect (40-47) but is amply confirmed by the direct
demonstration of initiation complexes involving ribosomal subunits
(48-54). The small native subunit is heterogeneous in size and
protein content (55-61) due to its association with initiation
factors (60) and/or initiator tRNA (56,62,63). Without discussing
the mechanism of initiation of protein synthesis in detail, it is
however important to note in this regard that the most recent
evidence from both bacterial (64) and mammalian systems (54,62,65)
indicates that the first initiation step is the binding of an
initiation factor-initiator tRNA-GTP complex to the 40S subunit.
This ribosomal species then selects the initiation region on a
messenger RNA. These first interactions are a likely site for the
regulation of protein synthesis initiation (63). All 40S subunits
may also have at least one bound initiation factor to prevent their
association to form single ribcsomes (66,67). Messenger RNA does
not occur on the small subunit (63,68,69).

A general outline of the ribosome cycle is shown in Fig.
1. The native subunits initiate on polysomal-bound messenger RNA
and according to the tape theory (21,26,31,36) traverse the message
reading the code and catalyzing the polymerization of amino acids.
The early studiés of Rich and coworkers (24-27) provide evidence for

this model. All polysomes are apparently active and each ribosome

%



Figure 1. The ribosomal subunit-polyribosome cycle of
protein synthesis. As described in the text, polyribosomes
and native ribosomal subunits are active forms and are in
equilibrium. Single ribosomes are inactive.in protein

synthesis.
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in a polysome contains one nascent polypeptide chain which is
released upon terminaticn of translation. Ribosomal subunits

are released uncombined upon termination and are able to reinitiate
(66,67), but this point was difficult to establish since single
ribosomes accumulate from terminating subunits if reinitiation does
not occur (66,67,70). The subunits of the ribosomal couple of
polysomes are thus not obligatory partners when they are off the
messenger (71,72). This model of the ribosome cycle derived from
the early work on reticulocyte ribosomes also applies to bacterial
protein synthesis (38).

The single ribosome! is thus not an obligatory intermediate
in the subunit-polyribosome cycle of protein synthesis. Two impor-
tant points bear on the nature of the inactivity of this ribosomal
form in eukaryotic cells. Single ribosomes do not contain messenger
RNA (68,73-76) and studies on the kinetics of entry of newly bio-
synthesized subunits into the active ribosome cycle show that the
active ribosomal forms are not in rapid equilibrium with single

ribosomes (42-47). Thus, single ribosomes are not simply inactive

1 The following terminology is used to distinguish between different
functional forms of the '80S' ribosomes. A single ribosome is an
inactive ribosomal couple not containing mRNA. A monosome is a
polysome containing one ribosome on the messenger. The term monomer
is used here when the distinction cannot be made on the evidence
available.



at a given instant (due to lack of mRNA) but rather are excluded

from protein synthesis for long periods of time. They, therefore,
repreéent a stagnant pool, the physiological significance of which

is not understood. The amount of single ribosomes varies in different
tissues and with cellular growth state (77,78) and differentiation
(79-82); it, therefore, appears subject to physiological control.
Protein factors capable of dissociating single ribosomes have been

described in Escherichia coli (83), rabbit reticulocytes (84-856),

rat liver (87), and yeast (88). However, their role, if any, in
activating single ribosomes for protein synthesis remains uncertain.
This account of the ribosome cycle and the inactive nature of single
ribosomes has also been confirmed in studies with in vitro protein
synthesizing systems (89-91).

B, Translational Regulation of Protein Svnthesis

The existence of both active and inactive forms of ribo-
somes suggests that the ability to modulate ribosomal activity may
be important in the regulation of protein syntheéis. But this
conjecture must be viewed in light of the extensive wofk on trans-
lational regulation. In particular whether the ribosomal activity
state is an inherent property of ribosomal structure and/or
metabolism or a secondary consequence of a more direct control point
in translational regulation must be evaluated.

It is perhaps most important to realize that protein



synthesis may be regulated at several levels. Transcriptional
contrel is of paramount importance in bacteria (21,92,93) due in
part to the short half-life of bacterial messenger RNA. The longer
half lifes of mammalian mRNAs (94,95) suggests that translational
regulaticn will be important in higher cells, although transcrip-
tional control may be of critical importance in the regulation of
specific gene expression. Translational regulation in this discussion
will generally refer to the cell's commitment tc total protein
synthesis rather than the regulation of the translation of specific
messengers. A recent review by Pain and Clemens (96) discusses the
manifold components of the translational system which have been
implicated in regulation under various conditions.

As a general rule, macromolecular syntheses are reéulated
at the initiation step and many examples of the physiclogical regu-
lation of protein synthesis have been shown to occur at the initiation
steps (63,97-105). Several such studies included a demonstration
that the observed decrease in protein synthesis [e.g., during amino
acid starvation (105), mitosis (106), and transition from prolifer-
ating to resting phase of cultured cells (77)] was not the result of
lack of mRNA. Ribosomal monomers accumulate in circumstances where
initiation is inhibited but in most cases further localization of the
inhibitory defect to the ribosome or initiation factors has not been

accomplished.
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Moreover, translational regulation is multifaceted and
coordinate control of several components is often seen (396}. The
dramatic increase in the rate of protein synthesis seen in sea urchin
eggs at the time of fertilization appears to be due to the coordinate
activation of ribosomes, messenger RNA and elonigation factors (107-
109). Hormonal regulation of protein synthesis in chick oviduct
appears to involve effects on the amount of ribosomes and specific
mRNAs per cell as well as regulation of the rate of initiation and
elongation (97,110). Studies on the role of nutritional effects on
protein synthesis showed regulatory responses at both initiation and
elongation phases (111,112).

Other suggested regulatory components in translation are
transfer RNA and its synthetases (113-115) and messenger specific
translation factors (116-121). Although some of the work on the
latter point seems good, there is also an equally impressive body of
evidence against eukaryotic messenger specific Tactors. This evidence
is mainly the general abllity to translate a given mRNA in a hetero-
logous cell-free system. Extensive references to this work may be
found in references 96 and 122. Finally, various workers have found
inhibitors of protein synthesis in cell extracts (123,124) or
associated with ribosomes (101,107,108,125-127) under various physio-
logical conditiens.

Thus, despite much evidence on t{ranslational regulation
k) L
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~ the role of the ribésome remains uncertain. TFurthermore, there have
been no unambiguous systems in which ribosome activity could be
studied in the absence of effects on other components of the trans-
lational apparatus. Alzo, the relation of results obtained in one
cell type cor growth condition to other systems remains in doubt.
For example, while inactive monomers accumulate in mature sea urchin
eggs prior to fertilization (128-130) ihe turning on of proteinb
synthesis involves coordinate activation of several components, as
already noted. Furthermore, whether the monomers of sea urchin
protein synthetic defect lies in mRNA "masking" has long been debated
(see 109). The most recent evidence implicates a ribosomal bound
inhibitor as being, at least in part, responsible for the inactivity
of these monomers (107-109). An inhibitor may also be present on
the inactive monomers which accumulate in mitotic cultured mammalian
cells (101). Othér experiments by other workers suggest that there
is not an extractable inhibitor of protein synthesis on the single
ribosomes which accumulate during reticulocyte matﬁration (1313
The single ribosomes of different cell types have never been syste-
matically investigafed and whether they are inactivated by a common
mechanism as it is attractive to think, remains open to investiga-
tion.

Several groups of workers have approached the study of

single ribosomes by investigating the mechanism of the nutritional
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dependent interconversion of single riboscmes and polysomes (103,111,
112,132-134), However, in these studies the "single ribosomes"
cépable of polysome formation under complete nutritional conditions
were produced by polyscme runoff during a previcus inhibition of
protein synthesis initiation by amino acid starvation. Such polysome-
derived runoff ribosomes behave differently than the native pool of
single ribosomes. In fact, Bitte has concluded that the amount of
ribosomes capable of rapidly shifting into polysomes when mouse .
sarcoma-180 tumor cells are incubated in a complete nutritional
medium is limited to those ribosomes which ran off polysomes during

a previous incubation in a deficient medium (135). Moreover, the
sedimentation characteristics of these runoff ribosomes suggested
their nconequivalence to normal single ribosomes (135). Thus, such
studies do not contribute to an understanding of the native pool of
single ribosomes.

Early studies in which single ribosome activity was studied
in in vitro cell-free protein synthesis systems are similarly flawed
by uncertainty about the ribosomal species under consideratioﬁ (i.e.,
does the single ribosome preparation also contain monosomes?) and
by the possibility of reversal of ribosomal inactivation in the
crude assay systems (26,136-138). Such studies were performed before
the subunit nature of ribosome initiation was known and, therefore,

contain incorrect interpretations of the data.
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Some studiés on single ribosome activaticn are further
complicated by the several levels of ribosomal cohtrol. Thus, both
the fraction of ribosomes existing in the active form and the rate
of protein synthesis per active ribosome unit have been found to be
simultaneously affected in various experimental systems (78,112).

Finally, another possible level of ribosomal control is
the variation of the protein composition of ribosomes with cellular
growth rate or ribosome activity state. Rodgers has reported such
a variation in protein composition of ribosomes from mouse cells of
different growth rates (139) and an abstract suggesting possible
compesitional differences of reticulocyte ribosome classes has
appeared (5). Such studies are, however, complicated due to the
difficulty of analyzing the complex protein complement of animal
cell ribosomes. Furthermore, chemical modification (e.g., phos-
phorylation) rather than new distinct protein species might be
responsible for such observations. It should be mentioned, however,
that bacterial ribosomes are better characterized in this regard and
appear to be heterogeneous in protein content (18,140) in a manner
related to callular growth rate (141) or fibosomal functional state
(1u2,1u43).

However, two examples of translational defects have been
traced to a ribosomal localization, fter hypophvsectomy in the rat,
isolated liver ribosomes are less active in endogenous and poly(U)-

directed protein synthesis and the defect resides in the 40S subunit
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(1uy). Similarly, fhe defect in protein synthesis in muscle of
experimentally diabetic rats was localized to the 60S subunit (1u5).
The mechanism and generality of these ribcsomal defects remain
unknown. It is still attractive to think, however, that other
specific ribosomal regulatory events will be found when appropriate
systems are carefully studied. A favorable model system in which
ribosome activity may be studied is now discussed.

C. Control of Protein Synthesis During Reticulocyte Maturation

As erythroid precursor cells differentiate and mature to
circulating erythrocytes, they undergo characteristic changes in
metabolism and cellular composition (146). Bone marrow erythroid
cells are more active in hemoglobin synthesis than the later
reticulocytes (147). But large amounts of circulating reticulocytes,
still active in hemoglobin synthesis, can be obtained for experi-
mental study by phenylhydrazine-induced anemia (148). The resulting
reticulocytosis is due to a regenerative macrocytosis and the mnature
of these reticulocytes has been investigated (149,150).

The following aspects of protein synthesis during reticulo-
cyte maturation mazkes these cells a favorable system for the study
of ribosome activity.

1) Reticulocytes are enucleate and have lost the capacity
for RNA synthesis (29,151).

2) Reticuloeytes make greater than 90% of their protein as



the « and 8 globin chains (152). Such synthesis occurs on a distinc-
tive size class of free polysomes (24,25,153) which are readily
isolated for study.

3) The globin mRNAs of reticulocytes are stable during
the period of protein synthesis (154). |

4) The ribosomal changes accompanying maturation have
been well studied. Maturation of reticulocytes in vivo and in vitro
leads to a gradual shift from polysomes to inactive.single ribo-
somes which is correlated with the declining rate of protein syn-
thesié (79-82). Maturation is also accompanied by a decrease in
the total amount of ribosomes per cell as a result of ribosomal
degradation (155). It is not known if single ribosomes represenf

a diprect precursor pool of this degradation. Electron microscopic

=

autoradiography reveals that single ribosomes accgmulate in cells
which are inactive in protein synthesis (156); thése cells presumably
représent older reticulocytes. Some evidence also suggests that in-
active (156) or less active (80) forms of polysomes may also exist

in reticulocytes. This developmental decline in protein synthesis

is not due to changes in RNAse activity, membrane permeability,
diffusable activators or inhibitors of protein synthesis, ribosomal
composition, or translation components in the supernatant (157).
However, the amount, activity or composition of the initiation

factor fraction recovered by salt washing of the ribosomes changes;
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- this fraction from élder cells is less able to support in vitro
initiation (150,158). Thus the correlates of the decline in protein
synthesis during maturation are a decreased ribosome content of the
cells, a shift from an active to an inactive ribosome form, and a
decrease ‘in the capacity for initiation.

5) The single ribosomes which accumulate during reticulo-
cyte maturation are more well characterized than the monomers seen
in various cells and conditions discussed in the previous section.
For example, reticulocyte single ribosomes have been shown to lack
globin mRNA (68,73-75) and appear to have the same protein composi-
tion as polysomes (160, but see also 5) and do not have bound
inhibitors of protein synthesis (131). The inactivity of these
single ribosomes and the existence of a subunit-polyribosome cycle
of protein synthesis has been demonstrated in a reticulocyte lysate
cell-free system (89,90). Possibly, the nature of single ribosomes
in reticulocytes may be relevant to understanding polysome <+ single
ribosome interconversicns that are correlated with.the growth state
in other cell types (77,78). Also the low levels of RNAse in
reticulocytes and the gentle cell lysis and ribosome isoclation
procedures makes pessible the isclation for experimental study of
native single fibosomes free of contamination by polysomal brezkdown
monomers.

In summary, the reticulocyte represents a differentiating
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mammalian cell in which ribosome activity can be studied independently
of effects of transcription, messenger RNA stability, and activity
changes in most of the other components of the translation system..
Reticulocyte ribosomes exist in well characterized active and inactive
forms which are related to the cell's developmental process. These
ribosome classes are readily isolated for experimental study. .

D. Possible Relation of the Phosphorylation of Ribosomal Proteins to

Riboscme Activity

Several of the constituent proteins of the ribosomes of
reticulocytes (160) as well as other eukaryotic cells (161-165) are
phosphoproteins. Bacterial ribosomes are not phosphorylated in vivo.
This ribosomal metabolism has recently been reviewed (166,167). Ribo-
somal protein phosphoryl groups turn over intracellularly (168) and
protein kinase and phosphoprotein phosphatase activities have been
detected on reticulocyte ribosomes (167,169,170) and in the super-
natant fraction {(171,172). This metabolism has also been studied
intensively in vitro (167,170,173-176).

It is of particular interest that ribosome phosphorylation
has been shown in intact cells and in cell-free systems to be
stimulated by cyclic adenosine 3',5'-monophosphate or by hormones
affecting the level of this regulatory nuclectide (135,162-165,175-
177). This effect may be related to the cyclic AMP stimulation of

protein synthesis which has been observed in various intact cells and
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extracts (135,178,179), but inhibition has also been observed in some
cases (179),

Kabat (160,168) and Bitte and Kabat (161) have shown that
polysomes and single ribosomes in rabbit reticulocytes and mouse
sarcoma-180 tumor cells differ quantitatively in their protein
phosphorylation pattern. These differences appear to be due to
conformational differences between these two ribosomal forms (168).
Furthermore, Kabat has proposed that such phosphorylation differences
may be related to the mechanism of single ribosome inactivation (160).
This idea has, however, been difficult to test experimentally (135).

Moreover, few studies have been directed at looking for
specific functions of ribosomal protein phosphoryl groups. The
available evidence (167,180) has provided no support fof a role of
these protein vhosphoryl groups for protein synthetic activity of
ribosomes. But these studies must be considered inconclusive due to
limitations in the experimental methods employed, as reviewed else-
where (167). Indeed this ribosome metabolism ié ubiquitous in
eukaryotes (167) and the ribosomal phosphoproteins of different
mammalian cells appear to be homologous proteins related by evolu~
tion (161). Furthermore, this metabolism is subject to physiological
regulation. Therefore, ribosomal protein phosphorylation may have

a functional significance which remains unknown.
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E. Statement of the Objectives of the Thesis Research

The rationale of this thesis work can be seen by con-
sidering two proposed models for the inactivity of singlie ribosomes.
In the first model the single ribosome is viewed as being inherently
inactive due to a chemical or structural modification (e.g., phos-
phorylation of a.specific protein site(s)). In another model,
Kaempfer has proposed that in both bacterial (66) and mammalian
(67) cells the entry of ribcsomal subunits into active {(polysomes)
or inactive (single ribosomes) states is mediated by the avail-
ability of a specific initiation factor. Subunits binding this
factor are recycled inte polysomes, whereas subunits spontaneously
reassociate to form single ribosomes in the absence of this factor.
The availability of the factor is postulated to be limiting at
times when initiation of protein synthesis is slow or inhibited for
whatever reason; in such conditions single ribosomes would accumu-
late. Thus, according to this idea, formation of single ribosomes
would be a secondary vrather than primary event in translational
regulation. Whereas, in the first model a specific ribosomal defect
is postulated, the second model predicts that the subunits of single
ribosomes are structurally and chemically equivalent to those of
polyribosomes.

To study the nature of the inactivity of single ribosomes

and to perhaps decide between these models, I havé‘prepared from
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rabbit reticulocytes subunits from single ribosomes and compared
them to subunits derived from polyribosomes and to native subunits.
I have asked whether functional differences exist between polysomal-
and single ribosome-derived subunits. The advantages of comparing
subunits from each source are the following. The inherent differ-
ence in mRNA content of the two ribosomal sources is eliminated.
Subunits are the initiating ribosomal species in protein synthesis;
therefore, assay of subunits for the ability to translate natural
messenger RNA necessarily tests functional competence at the several
distinct phases of translation. And such functional studies may
allow localization of a defect in inactive ribosomes to one of the
constituent subunits. I have also tried to evaluate the importance
of ribosomal protein phosphoryl groups for protein synthetic
activity. For all of the functional studies done in this research

I have used two different in vitro protein synthesizing systems
Awhich utilize natural messenger RNA. These systems are characterized
in Results.

At the time this work was begun, the s@le criterim for the
in vitro activity of mammalian ribosomal subunits prepared by
dissociation methods was their ability to catalyze the polymérization
of radicactive phenylalanine directed by a poly(U) template. However,
the following characteristics of poly(U) assays suggested that an

activity assay with a synthetic messenger template would not be
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* desirable for the propecsed studies. Poly(U) has an abnormally high
affinity for ribosomes (36,181) and does not require subunits as the
ribosomal initiating species (182,183). Peptide synthesis on poly(U)
does not utilize all cf the natural initiation factors (184-188) and
exhibits an unphysiological Mg*t ion optimum (1856-188). Most
importantly, ribosomes inactive in vive may be active in a poly(U)
assay (189-191). Also, the percentage‘of ribosomes active in poly{U)
assays is usually not directly determinable. The consideration of
the initiation pathway is important since regulation of protein
synthesis is likely to occur at an initiation step and an inactive
riboscome species may be specifically defective for this process.
Therefore, a system capable of natural initiation may be imperative
to detect such a defect.

Therefore, I have given priority to characterizing the
ability of purified ribosomal subunits to translate natural mRNA and
to finding preparative conditions which yield the highest ribosome
activity. This last consideration is also importaﬁt since functional
differences between ribosome classes may not be detected if subunits
become largely inactivated by the preparati?e methods.

I also wished to learn if subunits of polysomes and single

ribosomes differed structurally in a way which could be detected by

physical chemical criteria.
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F. The Relation of Subunit Preparation to Ribosome Structure and

Stability
It was found in the early studies on bacterial riboscmes.
that partial removal of ribosomal-bound Mgttt ions by chelation with
EDTA or by dialysis of ribosomes against buffers of low Mgtt ion

+*+ jon free buffers resulted in the formation

concentrationvor Mg
of ribosomal subunits (192,193). Such subunits are biologically:
active. However, the application of the EDTA methed to the ribosomes
of higher cells produces irreversibly inactivated subunits with
lowered (as compared to native subunits) sedimentation values (194~
186). Such subunits are unfolded and have lost ribosomal components
(i80,197,198). This difference in stability towards Mgtt ion

removal emphasizes the important role of Mg't ions in ribosome
structure in eukaryotes (15). Monovalent cations have alsc been
shown to be important for ribosome activity (199,200).

More recent studies by various workers have led to the
development of procedures whéreby active subunits can be produced
from the ribosomes of higher cells by dissociation of ribosomes
with high concentrations of KCl at MgCl, concentrations appropriate
to prevent subunit inactivation (145,196,201-206), The criteria for
activity of the subunits has usually been a poly(U) assay, but such
subunits are also active with natural mRNAs (see Results and

Discussion). 1In these procedures inactivation is obviated by allowing
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the partial replacement of divalent catiens by monovalent cations,
thereby preventing electrostatic repulsion from causing the sub-
units to unfold.

The nature of ribosomal-bound Mgtt ions and its role in
maintaining the stability of the ribosomal couple merits further
discussion. Studies in which the quantity of bound Mg*' ion have
been measured have yielded values approaching 0.5 for the ratio of
bound Mg*t ion/RNA phosphate (207,208). The ribosomal Mg't ions are
almost entirely bound by the ribosomal RNA (207,208) and part of
these ions can be exchanged with Mg*t ions in buffer solutions
(209). The number of Mg't ions stabilizing the inter subunit
contacts is, however, small (210). It is not known if this class
of Mg*t ion is bound to rRNA phosphates or participates in another
form of salt linkage. Studies on the amount of Mg't ion bound to
. the ribosome in buffers of different monovalent cation concentration
support the idea that at high concentrations-the monevalent cation
physically displaces Mg*'t ions from the ribosome (207,211). During
ribosome dissociation by the high salt method the subunits undergo
conformafional changes which are due to conformational changes in
their constituent RNAs caused by electrostatic repulsion as Mgtt

" ribosomes have been obserwved as

ions are lost (212). '"Swollen
intermediates in the dissociation process (213).

Another factor affecting the stability of the subunit



couple is hydrogen bonding; hydrophobic bonding seems to be relatively
unimportant in maintaining ribosome structure {214). Thus Petermann
et al. (214) concluded, "Ribosomal subunits appear to be springy
structures whose shapes depend on a delicate balance between cohesion
(due to hydrogen bending in RNAs, proteins and associated water) and
the electrostatic repulsion of RNA phosphates."” Less well charac-
terized, but suggested as being important in raintaining the associ-
ated form of subunits, are protein-protein (215,216) and RNA-protein
interactions (211,217).

The high salt method is effective in dissociating only non-
polvsomal bacterial (193,218) and eukaryotic ribosomes (156,201,203,
205,206,219,220). This effect is due to the stabilization of subunit
association in active ribosomes by peptidyl-tRNA (221,222). Recent
modifications of the procedure allow preparation of active subunits
from polysomes also. When polysomes are allowed to form runoff
couples by an in vitro incubation (202,223) or are treated with
puromycin to cause removal of the peptidyl group (126,201,203,204%,
206) they also become susceptible to salt dissociation. In the
experiments reported here a modification of the puromycin-high salt
method of Blobel and Sabatini (206) was used. Its advantages were
that it allowed me to prepare subunits from single ribosomes and
from polyribosomes by equivalent methods and did not require an in

vitro incubation in a cell extract which could cause modification



of the isolated ribosomes. As will be shown, such subunits are

capable of translating natural mRNA.
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I7. Materials and Methods

A. Preparation of Reticulocytes

Rabbits were made anemic by seven daily injections of a
neutralized phenylhvdrazine solution (10 mg/kg body weight) (1u8).
Blood was obtained by bleeding from a small incision in the ear
vein and was collected intc heparinized beakers and then chilled
on ice. All subsequent procedures were dene on ice. The cells
were sedimented by centrifugation at 1900 x g for seven minutes and
were further washed three times by resuspension in cold physiological
salt solution (0.13M NaCl, 0.005M KCl, 0.0015M MgCls)} followed by
resedimentation. After each centrifugation step the buffy coat
containing leukocytes was removed. To determine the percentage
reticulocytes in the red blood cell preparation two drops of packed
cells were suspended with two drops of physiological salt solution
in a tube and three drops of 0.5% methylene blue solution was added.
The tube was incubated for 1 hr at 37°C and a smear of cells was
made on a slide and examined at 100X magnification under a micro-
scope. Reticulocytes are seen as cells taking up the stain due to
their cytoplasmic RNA content (i.e., ribosomes). The per cent
reticulocytes was routinely greater than 90%. The distribution of
staining intensities amongst the cells indicated a preparation of
reticulocytes of different degrees of maturationm, but with at least

one-half of the cells very heavily stained (i.e., young reticulocytes).
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- The methylene blue solution was made by dissolving 0.5 g methylene
blue chloride and 1.6 g potassium oxalate in 99.5 ml physiological
salt solution, heating at 50° for 10 minutes foliowed by filtering.

B. Preparation of Ribosomes

1. General
The separation of the different size classes of ribo-
somes was achieved by velocity sedimentation on sucrose density
gradients. This technique separates subcellular particles on the
basis of size (224) and has thus proved useful in these studies for
preparative procedures as well as for analysis of ribosome function .
in the cell-free protein synthesizing systems.
2. Polyribosomes and Single Ribosomes
Washed, packed cells were lysed by mixing with two
volumes of a low ionic strength buffer, RSB (0.01M Tris-HCl pH 7.35,
0.01M KC1, 0.00lSM.MgClg). The lysate was centrifuged at 12,000 x g
for 10 minutes and the supernatant carefully removed. This
supernatant was adjusted to pH 5.0 by slowly adding with mixing
dilute acetic acid to precipitate the ribosomes (225). The crude
ribosome precipitate was collected by centrifugation at 12,000 x g
for 10 minutes. The supernatant was removed and the pellet was
resuspended in RSB with readjustment of the pH to 7.35 by addition
of Tris buffer. Any unresuspended material was removed by centri-

fugation at 12,000 x g for five minutes. 1-2 ml of the ribosome
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solution was then layered on 36 ml linear 15-30% sucrose gradients
containing the RSB buffer; all gradients used to prepare ribosomes
for activity studies contained 1 mM 2-mercaptoethanol. For
preparative purposes, the amount of ribosomes added per gradient
was the amount from 0.75 ml packed cells; thus; ribosomes zould he
cbtained from 4.5 ml cells byvone 6 gradient centrifugation. The
gradients were centrifuged for 4 hr at 25,000 rpm at 2° in the
Beckman SW27 rotor in an ultracentrifuge. Following centrifugation
the gradients were pumpéd from the bottom through a Gilford spectro-
photometer containing a 2 mm path-length flow cell. The absorbance
at 260 nm was plotted on a chart recorder and the fractions
corresponding to polysomes and to single ribosomes were collacted
into ice-cooled tubes; base line absorbance was determined by
blanking with a solution of the heavier sucrose gradient buffer.
The ribosomes were concentrated by centrifugation for 2-1/2 hr at
40,000 rpm at 2° in the Spinco 40 rotor. The riboscme pellets were
rinsed with cold water and stored at -76°C until use. The centri-
fugation conditions described allowed clear resolution of polysomes
and single ribosomes. Absorbance profiles and a discussion of the
purity of the fractions is given in Results.

For preparation of ribosomes to be used in subunit
preparation, a convenient modification of this procedure was found

which gave ribosome pellets which were more easily resuspended for
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. subsequent procedures and which avoided subjecting the ribosomes to
an elevated H' ion concentration. 1.8-2.0 ml of the cell-free lysate
(volume equivalent to C.75 ml packed cells) was layered onto gradients
without a pH 5 precipitation step. In this case, the resolution of
single ribosomes was less clear and care was taken in collecting
the appropriate gradient fractions. The gradient-separated ribo-
somes of this method are more contaminated by adsorbed profeins, but
the ribosomes become highly purified in the subsequent subunit
preparation which iﬁvolves treatment of the ribosomes with solutions
having a high salt concentration.

3. Native Subunits

The term native subunit is used here to denote the
large and small ribosomal subunits seen when crude ribosomes are
resolved by centrifugation on gradients containing a low ionic
strength (i.e., unﬁer conditions where subunits should not be formed
by ribosome dissociation). Crude ribosomes from the pH 5 precipi-
tation step were layered on 36 ml 15-30% gradientslcontaining RSB
buffer and 1 mM 2—mercaptoéthanol and were centrifuged for 24 hr
at 15,000 rpm at 2° in the SW27 rotor. The subunit peaks are
identified from the plotted absorbance tracing, and the subunits
are sedimented by ﬁigh speed centrifugation for 2-3 hr at 65,000
rpm in the 65 rotor. Resolution and purity of the subunits is

discussed in Results.



4, [32P]-iabelled Ribosomes

Ribosomes were biosynthetically labeled in their
ribosomal RNA chains by providing [32P]-orthophosphate to the
reticulocyte precursors during their maturation in the bone marrow.
A total of 10 or 20 mc of [32pJ-orthophosphate was injected into
an ear vein of an anemic 2.5 kg rabbit in two injections 18 and 36
hr before collection of blood. Thirty-six hours is the optimum
time for labeling of »RNA (74). One phenylhydrazine injection was
given during the labeling period. Ribosomes vere prepared by the
methods already described. The specific activity of labeling was
determined as the amount of trichloroacetic acid (TCA) precipitable
radioactivity in a measured amount of gradient purified ribosones.
The highest specific activity obtalned was 14,700 cpm/Aggo unit
ribosomes.

The in vivo labeling procedure required great care to
be taken in containing the isotope and preventing contamination of
the laboratory. For this purpose the rabbit was confined to a cage
kept in an absorbant paper-lined hood. After bleeding, the rabbit
was sacrificed and properly disposed of. All discarded components
of the blood preparation were placed in a waste jar to allow radio-
active decay. All glassware and equipment used were thoroughly
washed and all working areas were monitored with'a Geiger counter.

5. Subunits from Polysomes and Single Ribosomes

Method A. The method used for preparation of subunits



~ from both polysomes and single ribosomes was that of klobel and
Sabatini (206) with some medification. The method was used
identically for preparation of subunits from unlabeled or from
[32p]-1abeled ribosomes. Three disscciation conditions were
utilized in these studies based on considerations discussed in
Results. The dissociations were at the following ioniec conditions:
high salt buffer, 500 mM KCl, 50 m¥ Tris-HCl (pH 7.5), 5 mM MgClo;
moderate salt buffers, 250 mM KCl, 50 mM Tris-HCl (pH 7.5), 2.5 mM
MgClo; 250 mM KC1 50 mM Tris-HC1 (pH 7.5), 1.5 mM MgCly. These
buffers will occasionally be referred tc by the following abbrevia-
tions: Kspo Tsp Ms; Koso Tso Mp,53 and Kpsg Tsg Mi,5. the subscripts
indicating the millimolar concentrations of Kt, Tris, and Mg' ions,
respectively. Note that the high and moderate ionic strength
buffers have similar monovalent to divalent cation ratios.

For the dissociation incubation, gradient purified
polysomes were dissolved in ice-cold water (the ribosome pellets
contained enough ions to maintain ribosome stabili%y). A small
aliquot of the solution was removed to obtain an absorbance measure-
ment of the ribosome concentration, and the solutions could then be
adjusted to the desired concentration. However, I have found that
the pribosome concentration in either the dissociation mix or during
gradient centrifugation did not influence the parameters of subunit

dissociation (i.e., degree of dissociation, extent of dimerization
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of the subunits, or resolution on the gradients). Therefore, 1-50
Apgp units could be used per gradient. 1-5 Aggp units were used

+ Y
Liie

for gradients, the purpose of which was solely to analyze
ribosomal subunit precfile. TFor preparations in which the subunits
were to be further analyzed for constituents or assayed for activity,
8-12 or more Apggp units of ribosomes had to be layered per gradient
to allow efficient recovery of the separated subunits by subsequent
high speed centrifugation.

To 0.20 ml of ribosome solution was added 0.25 ml of a
compensating buffer containing twice the icnic concentrations of the
desired dissociation conditions. 0.05 ml of 1x10~2M puromycin
dihydrochloride (Nutritional Biochemicals Corporation, Cleveland,
Ohio 44128) was added to give a final puromycin concentration of
1 mM. 20 mM 2-mercaptoethanol was present in the dissociation mix
and in the gradients. Tor large amounts of ribosomes, dissociation
mixes of 1.0 ml were made. Incubation of the mix was for 15 minutes
on ice followed by 10 minutes at 37°. The mix was then chilled
before layering on gradients. Single ribosomes were dissociated
by the same procedure except that 0.05 ml water was added in place
of puromycin.

Gradients used for separation of the dissociated

subunits were 36 ml 10-30% sucrose containing the ionic compocsition

of the dissociation incubation. Centrifugation was at 2° for 5-12
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hr at 25,000 r»pm in the SW27 rotor. The subunit peaks were collected
by pumping the gradient through a flow cell in a spectrophotometer
and monitoring the absorbance profile. Care was taken to eliminate
leading and trailing edges of the peaks. Subunit fractions were
either frozen directly or were concentrated by high speed centri-
fugation (3 hr £65,000 rpm in the 65 rotor at 2°), followed by rinsing
of the pellet with ecold water and storage at -76°C,.

For experiments in which [32P)-ribosomal subunits from
the gradients were to be examined directly (i.e., without concentra-
ting the subunits by high speed centrifugation) in the lysate cell-
free protein synthesizing system, it was desirable to obtain 1000
cpm of ribosomal subunits in a gradient volume of 25-100 pul. Tor
this purpose, separation of 16-18 Ajgg units of dissociated ribo-
somes on 36 ml (1" diam x 3-1/2" tube) gradients or 8-9 Asgp ribo-

. somes on 16.4 ml (5/8" diam x 4" tube) gradients was found to
achieve the desired result. Use of the smaller tube allowed the
40S peak to be collected in a smaller volume of higher ribosome
concentration. To obtain the highest specific activity per volume
only the central area of the subunit peaks were collected. The
collected fractions were assayed for radioactivity and ribosome
cencentration and were stored at -786° until use for assay in the
lysate system.

The ratio of the large subunit peak to that of the

small subunit was calculated by tracing the subunit peaks from the



recorded abscrbance‘plot cnto tracing paper and determining the
weight ratio of the traced and cut peaks.

Method B. Ten Apgp units of polysomes or single
ribosomes were dissociated by the procedure described above in
Kosgp T50 My, 5 and where pelleted from the dissociation incubation
mix through a 3 ml cushion of 25% sucrose containing low ionic
strength buffer RSB and 1 mM dithiothreitol. The ribosomal pellet
was rinsed with a 7% sucrose solution in RSB-1 mM dithiothreitol
and was then redissolved in this solution, clarified from any un-
dissolved material by centrifugation at 12,000 x g for 5 minutes
and then frozen at -76°C until used for assay. This method does
not fractionate the individual subunits but reduces the time
ribosomes must be kept in high salt concentrations. Such subBunits
were used in some assays in the fractionated cell-free protein
synthesizing system and were messenger- and initiation factor-
dependent.

6. Lysate Ribosomes

Washed reticulocytes are lysed in freshly prepared
0.002 M MgClp, 0.0001 M EDTA (pH 7.2), 0.001 M dithiothreitol and
the lysate 1s centrifuged at 10,000 x g for 20 minutes. The super-
natant is then centrifuged for 50 minutes at 65,000 rpm in the 65
rotor at 2°., The resulting pellet is termed lysate ribosomes and

contains the total ribosome population of the lysed cells.
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7. Ribonuclease-treated Ribosomes

Mild RNAse treatment of ribosomes was according to the
procedure of Crystal et al. (226). Lysate ribosomes or gradient
purified polysomes or single ribosomes, 60-100 Apgq units/ml
dissolved in [0.25M sucrcse, 0.01M KC1, 0.01M Tris-HC1l (pH 7.35),
0.0015M MgClp, 0.001M dithiothreitol], were incubated at 37° for
10 minutes with one volume of 40 mM Tris-HC1l (pH 7.4) containing
€.02 ug/ml ribonuclease A (bovine pancreatic, Werthington). This
solution was then chilled to 0° and layered over 3 ml of 25% sucrose
in RSB buffer containing 1 mM dithiothreitol in a centrifuge tube
for the Beckman type 65 rotor. The tube was filled with RSE
lacking sucrose and was centrifuged at 65,000 rpm for 3 hr. The
ribosome pellets, which are freed of RNAse by the sedimentation
through the sucrose cushion, were redissolved in the original buffer,
clarified by centrifugaticn at 12,000 x g for 5 minutes and frozen
at -76° until use for assay. The use of the low ionic strength
buffer reported here for sedimentation of ribosomeé away from RNAse
yielded more active ribosome preparations than were obtained when
the high ionic strength buffer of Crystal et al. was used.

8. FEnzymatically Dephosphorylated Ribosomes

Thé following procedures were employed for partial
removal of the protein phosphoryl groups of ribosomes. Dephosphoryl-
ated ribosomal subunits Qere prepared by dissociating lysate ribo-

somes by method B (see above), modified by including 470 ug/ml of



36

Tscherichia coli alkaline phosphatase {(orthophosphoric moncester
phosphohydrolase E.C. 3.1.3.1; Worthington, type BAPF, electro-
phoretically purified) in the incubation and extending the incuba-
tion at 37° to 15 minutes. The control ribosome preparation was
incubated in the absence of the phosphatase, and should be only
slightly dephosphorylated by the endogenous ribosomal-bound phospho-
protein phosphatase (see Results). The chaPacteréstics of protein
phésphoryl group removal is given in experiments reported in
Results. The sedimentation of the treated ribosomes through the
sucrose cushion removed the phosphatase to an undetectable level
substrate for alkaline phosphatase ( 227 ). Resuspension of the
ribosome pellet, clarification of the ribosome solution and étorage
was as described for method B.

Dephosphorylated RNAse-treated ribosomes were prepared
by resuspending the once sedimented pellet of RNAse-treated lysate
ribosomes in 0.25M KC1, 0.01M Tris-HC1 (pH 7.5), 0.01M MgCl, and
incubating 90 Apgp/ml ribosomes with %470 ug/ml alkaline phosphatase
for 15' at 37°. The control RNAse-treated ribosomes were resuspended
in the buffer and incubated without phosphatase. The ribosomes were
purified from the phosphatase by resedimentation at 65,000 rpm for
3 hr through a 3 ml cushion of 25% sucrose in RSB containing 1 mi

dithiothreitol. Resuspension, clarification and storage was as
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described abhove.

C. Preparation of Peticulocyte Lysate for Cell-free Protein

Synthesis

The lysate was prepared as described by Adamson et al. (228).
One vol. cold water was added to the thwice washed cells and osmotic
lysis was achieved by drawing the cells up and down in a Pasteur
pipette. The cellular debris was removed by centrifugation at 30,000
x g for 10 minutes. The supernatant was removed and recentrifuged.
The supernatant from the second centrifugation served as the lysate.
The lysate was immediately sealed in 1 or 2 ml vials and stored in
1liquid nitrogen without loss of activity for at least two months.
A vial of each lysate preparation was tested for protein syanthetic
activity to assure the suitability of the preparaticn for further
experiments.

D. Assay of Lysate Activity

Protein synthetic activity in the lysate was determined as
described by Adamson et al. (89,228). The assay mix contained the
fcllowing components:

(a) buffer and mono- and divalent cations

ammonium acetate 0.10M
Tris-HC1 pH 7.8 0.01M

magnesium acetate 0.002M



(b)2 energy source
ATP, sodium salt Q.OOlM
GTP, sodium salt 0.0002M
-creatine phosphate (Calbiochem) 0.0154
creatine phosphokinase 60 enzyme units/ml
(e) amino acids (Schwartz Bioresearch Inc., Orangeburg,
N.Y.), one-tenth the concentration used by Borsook

et al. (229)

L-alanine 4.5 pg/ml
L-arginine 2.1 pg/ml
L-aspartic acid 9.5 pug/ml
L-cysteine 1.3 pg/ml

glycine 10.0 ug/ml
L-glutamine 7.0 pg/ml
ﬁ—histidine 9.0 pg/ml
L-isoleucine 1.0 pyg/ml
L-lysine 6.5 pg/ml
L-methionine 1.3 pg/ml
L~phenylalanine 6.5 ug/ml
L-proline 4.0 ug/ml
L-serine . 9.0 pg/ml

The first three compounds were prepared together and neutralized.
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L-fhreonine 5.0 ug/ml
L-tryptophan ;.5 pg/ml
L-tyrosine 3.8 ug/ml
L-glutamic ‘acid 7.0 pug/ml
‘L—asparagine 4,0 ug/ml
L-valine 9.0 ug/ml

[14Cc]-L-leucine, obtainéd from New England Nuclear
Corp., Boston, Mass. in lots ranging in specific
activity from 280-311 me/mM, was used at 1 uc (3.6
ymoles)/0.2 ml assay and did not become rate-
limiting during a 30 minute incubation.
(d) reticulocyte lysate 0.4 ml/ml assay
(e) antioxidant
2-mercaptoethanol 0.005M
(£y I ﬂemin 5.0 x 107°M, Fastman Kodak Co., Rochester,
N.Y. 14650, prepared as described by Adamson et al.
(228). |
The assay mixtures (0.2 ml) were preincubated for three
minutes at 28°C before addition of the [1%Cl-L-leucine. The incu-
bation was continued and the rate of leucine incorporation was
determined by rémoving 10 pl aliquots at various times. The aliquots
were first added to 1 ml of 0.1N NaOH for one-half hour at room

temperature to hydrolyze‘RNA (i.e., [1%C]-L-leucyl-tRNA). (The use
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of higher concentrafions of NaOH or the presence of 1 mg/ml "cold"
L-leucine in the hydrolysis mixture did not further lower the

counts obtained.) The samples were then adjusted to 5% TCA to
precipitate macromolecules, chilled, and filtered with washing

onto 0.45u millipore filters (Millipore Corp., Bedford, Mass. 01730).
The filters were glued onto metal planchets, dried and counted in

a. Nuclear Chicago low background gas flow counter.

Lysate preparations which showed good protein synthetic
activity and were responsive to hemin (see Results) were used for
studies on ribosomal subunit activity. It was generally found that
lysates from reticulocytes of blood having a hematocrit of 20-30%
showed good activity.

E. Assay of Ribosomal Subunit Activity in the Lysate System

The assays measured the ability of [32p]-ribosomal sub-
units to enter various ribosome classes upon incubation in the
reticulocyte lysate. The assay mixtures were 1.0 ml containing 0.4
ml lysate and contained the components already described except
that 9 pg "cold" L-leucine/ml assay was used instead of [1*C]-L-leucine;
thus, the subunits were the only radiocactive component in the system.
Hemin was used in all assays at its optimally stimulating concentra-
tion, 5.0 x 10-5M. The assay mixture was preincubated three minutes
at 28° before addition of 500-1000 cpm of the subunit preparation

under study. The incubation was continued for the desired period of
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. time. The assay tubes were then chilled by transfer to ice and by
the addition of one volume cold RSB contgining enough dilute acetic
acid to bring the pH of the assay mix below 6.0. The assays were
then adjusted to pH 5.0 as soon as possible. Centrifugation, re-

- suspension and clarification of the pH 5 precipitated ribosomes was
as already described.

The clarified solutions (1.0 ml) of ribosomes from the
assay mixtures were then layered on sucrose gradients for centri-
fugation to resolve the desired ribosomal size classes. For example,
centrifugation for 20 hr at 15,000 rpm, at 2° on 33 ml isokinetic
15-30% sucrose gradients over a 3 ml 60% sucrose cushion. in an SW27
rotor allowed resolution of large polysomes, small polyscmes, single
ribosomes and both subunits. Ribosomal material was not pelleted
through the sucrose cushion as shown by attempts to resuspend
radicactivity or méterial absorbing at 260 nm from the bettom of
the tube. The use of these conditions was especially important in
studies with the 60S subunit to ensure that radioaétivity'in the
subunit peak could be distinguished from that in the single ribosome
peak.

Centrifugation for 3.25 hr at 2° at 25,000 rpm on 29 ml
15-30% linear gfadients in the SW25.1 rotor allowed resolution of
polysomes in the di- to heptameric size range, and of single ribo-

somes from the small subunit. In these experiments the gradient
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buffer was the low ionic strength RSB unless indicated otherwise
for special purposes. The abscrbance profile of the gradients was
recorded at 260 nm by pumping through the flow cell spectrophoto-
meter as already described, and 25 drop (approx. 1 ml) fractions
were collected. TFifty ug of carrier bovine serum albumin was
added to the chilled tubes and the samples were adjusted to 5%
TCA. TFiltering of the samples and determination of radioactivity
was as already described. Counting in the low background counter
was for at least 10 minutes.

The data is analyzed by pthting the radiocactivity in
the gradient fractions superimposed on the AjgQ profile of the
ribosomes. The radioactivity distribution can be seen by visual
inspection of such graphs, and the fraction of added subunits which
entered a given ribosome size class was determined quantitatively
by totaling the cpms in that gradient region and dividing by the
total cpms on the gradient.

Inhibitors of protein synthesis were occasionally utilized
in the lysate system as follows. Cycloheximide (Acti-dione;
Calbiochem) was used at a concentration of 30 ug/ml (1.1 x 10~4M),
Aurintricarboxylic acid (as ammonium salt, Aluminon; Matheson
Coleman and Bell, Norwood, Ohio) was used at a concentration of
2 x 10-HM (96 ug/ml). Inhibitors were present in the assay from the

time of preincubation. The cholce of concentrations used was based
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_on considerations and experiments described in Results.

F. Analysis of Ribosomal Subunit Activity in a Fracticnated

Reticulocyte Cell~free Protein Synthesizing System

1. General
Crystal et al. (226) have described a fractionated

rabbit reticulocyte cell-free system that is useful in demonstrating
a messenger function for various purified mRNAs {208,230 ,93) ). Inm
this system globin mRNA, tRNA, initiation factors, elongation factors
and synthetases, and ribosomes are prepared and added separately.
Protein synthetic activity is measured as [14C])-L-leucine incorpor-
ation. As described by Crystal et al. (226), RNAse-treated ribo-
somes are used as a source of messenger-depleted ribosomes for the
translation of added mRNA. I have shown that purified subunits can
also serve with comparable activity as the ribosome source. In
adapting this sysfem for the study of ribosome function, care has
been taken in optimizing conditions to maximize the possibility of
detecting functional differences between different ribosomal sources.
For this purpose mRNA and initiation factors were used at saturating
levels, whereas a rate-limiting amount of ribosomal subunits was
assayed.

2. Preparation of Components

A detailed account of our preparation and assay methods
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has been prepared? and the methodology will only be summarized here.
Most components were prepared as described by Crystal et al. (226).
Reticulocytes were lysed and centrifuged as in the preparation of
lysate ribosomes (see above). The supernatant recovered after
pelleting of lysate ribosomes was either used for extracting transfer
RNA (232) or was recentrifuged for 50 minutes at 65,000 rpm and the
resulting "supernatant-2X" was stored in 0.1 ml aliquots in liquid
nitrogen for use in the cell-free system. It was the source of
elongation factors and of aminoacyl tRNA synthetases. For studies
comparing the protein synthetic activity of phosphorylated and de-
phosphorylated ribosomes, the supefnatant was further fractionated
without loss of activity by adjusting its pH to 5.0 with 0.1M acetic
acid. The precipitate was sedimented at 12,000 % g for 10 minutes
and was redissolved in 0.1M Tris-HC1 pH 7.2. This preparation was
greatly reduced in protein kinase and probably.other enzyme
activities which occur in the unfractionated supernatant-2X.
Initiation factors ("0.5M KCl wash fraction") were
prepared from lysate ribosomes as described by Shafritz et al. (231).
Lysate ribosomes were dissolved at a concentration of 150-300 Aggq
units/ml in standard sucrose solution (0.25M sucrose, 0.001M EDTA

pH 7.2, 0.001M dithiothreitol) and the solution was then adjusted

3 A. Krystosek, M. L. Cawthon, and D. Kabat, in preparation.
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< to 0.5M KC1 by addiﬁg with stirring 1/7 volume of 4M KCl. After 10
minutes at 0°, the ribosomes were pelleted by centrifugation at
65,000 rpm for 50 minutes in the 65 rotor. The upper 90% of the
supernatant ("crude FxI") is slowly adjusted to 70% ammonium sulfate.
After 10 minutes at 0° the precipitate was sedimented at 10,000 x g
and was then redissolved to one-half of its original volume in
0.100M KC1, 0.010 Tris-HC1 (pH 7.3), 0.001M MgCl,, 0.0001M EDTA
0.001 u dithiothreitol. The resulting FxI was frozen in 0.1 ml
aliquots in liquid nitrogen and was stable for at least one year.

Globin mRNA was prepared from sedimented polyribosomes
(lysate ribosomes or the riboscomal pellet obtained in the initiatiop
factor preparation). The procedure is our adaptation cf the
procedure of Aviv and Leder (233) in which polyadenylic acid
containing-messenger RNA is purified on oligo(dT)-cellulose columns.
Our modification ié to detergent solubilize rather than phenol
extract the polysomal RNAs; and this procedure results in more active
mRNA.3 The crude polysomes were dissolved at room‘temperature in
0.5M NaCl which had been adjusted to 0.5% sodium dodecyl sulfate
shortly before use by addition of 1/20 volume of a 10% solution.
The solution (25 Aogp units/ml) was layered onto oligo{dT)-cellulose
columns prepared by the method of Gilham (234) or type T-2
(Collaborative Research, Waltham, Mass.). After passing the solution

through the column at a rate of 1 ml/min, the columns were washed
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with 10 column volumes of 0.5M NaCl-0.5% sodium dodecyl sulfate,
and 10 column volumes of 0.5M NaCl. The poly(A)-containing fraction
was then eluted with water or with 0.01M Tris-HC1l (pH 7.4). This
fraction was adjusted to 0.2M NaCl and to at least 1 Ajgg/ml by
addition of tRNA, and the RNA was then precipitated overnight at
-5°C after adding 2 volumes of ethanol. After centrifugation at
10,000 x g for 20 minutes, the RNA was dissolved in 0.01M NaCl and
was stored frozen at -70°,.
3. Assay Method

The cell-free system contained 20 mM Tris-HCl (pH 7.4),
1 mM dithiothreitol, 4.5 mM MgClo, 80 mM KC1, 1 mM ATP, 0.2 mM GTP,
3 mM phosphoenolpyruvate, and 0.04 mM of each amino acid except
leucine. Each 0.1 ml assay sample also contained 0.16 Apggp units
transfer RNA, 0.2 I.U. pyruvate kinase, 1 ul supernatant 2-X (75 ug
. protein), 0.04 mM of [14C]-L-leucine (300 millicuries/m¥) and an
optimal amount of FxI (generally 15 ul containing 65 ug protein)
and of globin mRNA (0.1 Aoggp). 0.1 Apgg units of various ribosome
and subunit preparations were assayed as described in the individual
experimehts. Incubations were preincubated at 37° for 2 min before
addition of the ribosomes. and the incubations were continued.v
Aliquots were removed into 2 ml 10% TCA after various incubation
times. The samples were heated at 80° for 15 min to hydrolyze RNA

and chilied to 0° for 30 minutes. The precipitates were collected
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onto 0.45 p millipore filters and were assayed for radicactivity in
a low background gas flow counter.

G. Other Methods

1. Analysis of Ribosome Profiles
The centrifugation of pH 5 precipitated ribosomes on
sucrose gradients provides a convenient method for determining the
percentage of ribosomes existing as polyribosomes and single ribo-
somes in a cell preparation, or for example, for checking the
retention of polysomes during an incubation of the lysate system.
For such analytical purposes the ribosomes from 0.2-0.3 ml packed
cells were centrifuged for 3 hr at 25,000 rpm at 2° on 15-30% sucrose-
RSB gradients in the SW27 rotor or 2-1/2 hr at 25,000 rpm in the
SW25.1 rotor. The percentage of ribosomes existing as polysomes and
single ribosomes was evaluated by visual inspection or more
. quantitatively by tracing the absorbance profile onto onionskin
paper, cutting and weighing the polysome and single ribosome areas
and expressing their relative proportion as % of total ribosomal
area.
2. Electrophoresis of Ribosomal RNA
Analysis of the rRNA components of the isclated
subunits by polyacrylamide gel electrophoresis provided a convenient
method for determining the purity of the collected subunit fractions.

Ribosomes or subunits were suspended in [0.5M NaCl,
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0.054 EDTA, 0.01M Tris, 0.5% sodium dodecyl sulfate (SDS) (pH 7.4)]
and RNA was extracted by the phenol method of Penman (235). The
extracted RNA was ?recipitated from the aqueous phase of the last
extraction by the addition of 2 volumes of 95% ethanol. The solution
was stored several hours at -20°, after which the RNA was collected
by centrifugation at 12,000 x g for 30 minutes. The precipitated

RNA was further washed with 90% ethanol, recollected by centrifu-
gation and dried in a vacuum dessicator.

Eight em, 2.4% acrylamide gels were made in 6mm (I.D.)
plastic tubes as follows. 4.0 ml of stock acrylamide-bisacrylamide
{15 g acrylamide and 0.75 g N,N'-methylenebisacrylamide in 100 g
of solutionl* and 1.25 ml 1.6% ammonium persulfate were diluted to
25 ml with electrophoresis buffer (0.036M.Tris, 0.030M NaHyPOy,
0.001M EDTA). Twenty ul N,N,N'-tetramethylethylene diamine (Eastman
Organic Chemicals, Rochester, N.Y.) was added to éatalyze poly-
merization. The solution was quickly mixed and added to the tubes.
100 ul water was added to flatten the gel menisci. Before use the
gels were soaked overnight in electrophoresis bﬁffer containing 0.6%
SDS and prerun for 1 hr prior to RNA electrophoresis. Gels were
used to analyze 35 ug RNA (=0.4 AZSO)- Extracted RNA was resuspended

in electrophoresis buffer containing 0.6% SDS and 5% sucrose and

¥ Acrylamide and bisacrylamide are recrystallized before use (236),
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layered on the gels’in a volume of about 20 ul. Electrophoresis
was at 5 ma/gel for 110 minutes in electrophoresis buffer containing
0.6% SDS. TFollowing electrophoresis the gels were scanned for
absorbance at 260 nm in a Gilford gel scanning attachment for the
spectrophotometer. The RNA components of subunits were identified
by the relation of the mobilities of the RNA peaks to those of the
characteristic 18S and 28S RNAs seen when the RNAs of polysomes or
single ribosomes were analyzed.

3. [32pJ-labeling of reticulocyte ribosomal phospho-
proteins was achieved by incubation of intact reticulocytes in a
nutrient medium with [32PJ-orthophosphate as described by Kabat
(160).

4, Determination of protein concentration of components
of the fractionated cell-free protein synthesis system was by the

method of Lowry et al. (237).



I1T. Results

A. Preparation of Polysomes, Single Ribosomes and Native

Riboscmal Subunits

Figure 2 shows the resolution obtained when pH S-precipi-
tated ribosomes or the crude reticuloeyte lvsate are fracticnated
by size on sucrose gradients. Reticulocyte preparations routinely
contained about equal amounts of polysomes and of single ribosomes.
The purity of the polysomes and single ribosomes recovered from
gradient centrifugation of the crude lysate were analyzed by re-
sedimentation of the collected fractions. Tigure 3 shows a re-
sedimentation of the polysomes. The collected fraction contains
polysomes of the di~ to hexamer size range, characteristic of
reticulocyte polyribosomes synthesizing giobin., The small amount
of B80S peak seen could be due to a slight contamination of the
polysome fraction with single ribosomes and/or a small amount of
polysome breakdown during the handling of isolated polysomes for
resedimentation.

The purity of isolated single ribosomes was analyzed by
resedimentation as shown in Figure 4. The single ribosomes are
somewhat contaminated with dimeric ribosomes and with riboscmal
subunits. However, this amount of contamination will prolbably not
affect the usefulness of this preparation for two reasons. The

dimeric polysomes will not dissociate by the procedure used for
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Figure 2. Fractionation of single riboscmes and polysomes
on 36 ml 15-30% sucrose gradients containing the low ionic
strength buffer RSB, Panel A is pH 5 precipitated ribosomes
and panel B is the crude lysate. Centrifugation was for

4 hr at 25,000 rpm at 2° in the SW27 rotor. Sedimentation
is to the left and 80S shows that position'of sedimentation
of single ribosomes. The abscissa in this and subsequent

Figures is distance sedimentad down the tube.
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Figure 3. Resedimentation of polysomes. Polysomes prepared
as shown in Figure 2B were resedimented on a 29 ml 15-30%
sucrose-RSE gradient. Centrifugation was at 25,000 rpm at 2°

for 3.25 hr in the SW25.1 rctor.
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Figure 4. Resedimentation of single ribosomes. Single
ribosomes prepared as shown in Figure 2B were resedimented
on a 29 ml 15-30% sucrose-RSB gradient. Centrifugation was

at 25,000 rpm at 2° for 3.25 hr in the SW25.1 rotor.
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~r

he preparaticn of single riboscome-derived subunits; these subunits
will therefore not be contaminated by polysomal subunits. As will
be shown, the native subunits are not more active in the assay
systems employed than the derived subunits; therefore, the activity
studies will not be biased by a small amount of contamination by
native subunits. Although the single ribosomes could be Ffurther
purified by a second centrifugation, it was deemed more important
in these studies to treat polysomes end single ribosomes by
equivalent procedures and to minimize the number of purification
steps in order to obtain maximum activity of the final ribosomal
producfs -~ subunits for activity assays.

A typical gradient used for the separation of native
subunits is shown in Figure 5. The small subunit is well resolved.
The large subunit is somewhat contaminated by a small ribosomal
subunit species (presumably by contamination with either native
smail subunit or single ribosomes) as was shown by gel electro-
vhoresis of the RNAs recovered from this peak and by activity
assays (see later). The native reticulccyte ribosomal subunits
were found, by analysis on other gradients, to represent about
i5% of the ribosomal population -- a result consistent with studies
on other cell types (33).

B. Preparation of Ribosomal Subunits : Differences between

Polysomal~- and Single Ribosome-Derived Subunits
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Figure 5. Preparation of nétive ribosomal subunits. pH 5
precipitated ribosomes were layered on a 36 ml 15-30% sucrose-
RSB gradient and centrifuged for 24 hr at 15,000 rpm at 2°

in the SW27 rotor. Large polysomes were pelleted and the
position of sedimentation of single riboscmes, large and
small native subunits are indicated by B80S, 605, and 40S,
respectively. The subunit peak areas between the dashed

lines were collected.
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In my initial experiments I prepared an unfractionated
ribosome pellet from reticulocytes by high speed centrifugation
as described by Blobel and Sabatini for hepatic ribosomes (2086).
Dissociation of these unfractionated ribosomes showed the same
ionic parameters of dissociation as reported for hepatic ribosomes.
That is, dissociation at Kspg Tsg Mp gave a good absorbance profile
of resolved subunits on sucrose gradients. These authors had
indicated that their procedure was applicable to other cell types.
However, when I applied these conditions to gradient fractionated
ribosomes, I found that dissociation of the more purified ribosomes
yielded a derivatized form of the large subunit which sedimented
with a lowered sedimentation coefficient. Such derivitization was
observed by Blobel and Sabatini only at a low Mgtt ion concentration
(0.5 mM) when crude ribosomes were dissociated. I have, therefore,
concluded that the optimum dissociation conditions depend on the
degree of purity of the starting ribosomes.

Therefore, the dissociation of polysomes and single ribo-
somes in high ionic strength buffer (Figure 6A) was performed at a
MgCly concentration of 5 mM. This value was chosen from an experi-
ment in which ribosomes were disscciated at 500 mM KC1 and various
MgClo concentrations ranging from 1-20 mM. The absorbance profiles
(Figure 6A) show that derivatized subunits are not forméd at Kggg

Tso Ms. At MgCl, concentrations above 5 mM dissociation was inhibited,
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Figure 6. Dissociation of polysomes and singleﬁribosomes
at high and moderate ionic strengths. Polyscmes (P) and
single ribosomes (S) are dissociated in Kggg Tsg Ms (panel A)
and Kogg Tgp My 5 {panel B) and sedimented on 36 ml 10-30%
sucrose gradients containing the ionic conditions of the
dissociation incubation. Centrifugation was for 11 hr at
25,000 vrpm at 2° in the SW27 rotor. The peak sedimenting
about two-thirds the way down the tube is the large subunit

and the slower sedimenting peak is the small subunit.
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whereas derivitized particles cccurred at lower MgCl,y concentraticns.

The dissociation reactien showed the following characteris-
tics. Dissociation of polysomes required both puromycin treatment
and an incubation at 37°. Single ribosomes were readily dissociated
without puromycin and often exhibited a small 80S peak when their
dissociation products were analyzed on gradients. This peak was
diminished if the single ribosomes were puromycin treated and,
therefore, represents messenger-containing ribosomes in the single
ribosome fraction. Single ribosome-derived subunits are therefore
not contaminated with subunits derived from messenger-containing
ribosomes (i.e., polysomes or monoribosomes}. The extent of
dissociation of both pelysomes and single ribosomes under best
conditions was greater than 85%. High salt dissociated ribosomes
largely reassociate when sedimented on a gradient containing a low
ionic strength buffer. Other workers have suggested that the
gradient centrifugation step itself influences the extent of
dissociation (196).

In the experiments reported here I have utilized both
high and mederate salt concentrations for ribosome dissociation,
for reasons which will be explained later. Examples of the ribo-
somal subunit sucrose gradient profiles obtained by these disscci-
ation conditions are shown in Figures 6A and 7. " Extensive dissoci-

ation is achieved at both high and moderate ionic strengths.
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Figure 7. Dissociation of ribosomes in moderate ionic
strength buffer. Single ribosomes (S) and polysomes (P)

are dissociated in Kygg Tgg My 5 (panel A) and Kycq Tsg

Mi.5 (panel B) and are analyzed on 36 ml 10-30% sucrose
gradients containing the same ionic conditions of the
dissociation reaction. Centrifugation was for )C hr at
25,000 ypm at 2° in the SW27 rotor. For subunit preparation
for activity assays, narrow central portions of the subunit

peaks were collected.
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Polysome dissociation is only partial at Kogg Tgg Mo g5 but is largely
complete at Kogg Tgg My g (Figure 7B), as well as at Kgpg Tgg Mg
{Figure 6A). In all cases an underivatizedvlarge and small subunit
peak could be collected.

Analysis of the 60S:405 peak area ratios gave values of
2.6:1 for both polysomes and singie ribosomes for the best prepara-
tions. The expected 60S:40S absorbance ratio is 2.25:1 based on
their rRNA content. The value I have obtained, therefore, is
consistent with the idea that there is a small degree of contamina-
tion of the 60S peak with dimers of the small subunit. The extent
of this contamination is further analyzed in Figure 8, which shows
an electrophoretic analysis of the RNAs of the isolated ribosomal
subunit peaks. The derived 60S subunits contain a small amount of
RNA which has the same mobility as 18S rRVA, suggesting that there
may be a small amount of contamination with small subunits. However,
nucleolytic breakdown products of 283 RNA having this same mobility
are sometimes observed (226). Therefore, the extent of small sub-
unit contamination cannot be quantitatively meaéured from this
experiment. This RNA analysis illustrates two further points. The
RNA moieties of the subunits do not become extensively degraded
during the preparative procedures used; furthermore, the RNA profiles
of polysomes and single riboscmes are very similar. This latter

point suggests that single ribosomes do not accumulate intracellularly
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Figure 8. Electrophoresis of the RNA components of ribo-
somes and ribosome subunits. RNA was :xtracted aﬂd electro-
phoresed as described in ﬁatevials aga Methoés. Electro-
phoresis was for 110 minutes at 5 ma per gel. Electrophorgtic
mobility of RNA in the presence of sodium dedecyl sulfate is
according to size. The mobilities of 188 and 28S ribosomal
RNA is indicated by the arrows. The ribosomes analyzed are
frem top to bottom: native 40S subunit, single ribosome-
derived 40S subunit, single ribosome-derived 605 subunit,

single ribosomes, and polysonmes.
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as a degraded ribosomal form during reticulocyte maturation.

The procedure of Blobel and Sabatini employed a gradient
centrifugation at 20°, presumably based on reports that centrifugation
at higher temperatures avoided small subunit dimerization (196).
However, I found in my early experiments that centrifugation at
20° inactivated ribosomal subunits to a large extent so that only
10-20% of the subunits cculd enter polysomes in the lysate protein
synthesizing system. If the centrifugation was at 2° the subunits
were much more active, as will be shown. Furthermore, I noted no
difference in the extent of dimerization of the asmall subunit when
centrifugation was at 20° or at 2°. I, therefore, routinely used
a 2° centrifugation in these studies.

Although an aim of my studies on ribosomal subunits was
to learn if structural differences existed between the subunits of
polysomes and single ribosomes, the evidence for a differcnce came
about in an unexpected way. It became cbvious simply by comparing
the sucrose gradient profiles of dissociated ribosomes that the
subunits of these two ribosomal classes differed in several respects.
First, as shown in Figure 6A, the small subunits derived from poly-
somes reproducibly tended to dimerize to a greater extent at high
lonic strength than those from single ribosomes. This is shown by
the relatively low yield of 40S subunits from polysomes and the

high 60S:40S peak area ratio (Figure 6A). Consistent with this
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conclusion, dissociation of polysomes at high ionic strength often
resulted in a 605 subunit peak with a pronounced leading edge (e.g.,
Fig. 6A) and it is not clear whether this is due to an undissociated
ribosomal form or to an aggregated form of small subunit.  Dissoci-
ation of single ribosomes in the presence of puromycin did not
inerease the extent of small subunit dimerization. Panel B of

Figure 6 shows that this dimerization of the polysomal small subunit
is dependent upon ionic strength and/or monovalent to divalent cation
ratio, because only minimal dimerization is observed at Kpgg Tso My 5.
By contrast, analysis of single ribosome dissociation under several
ionic conditions (e.g., Figure 6) shows that the small amount of
small subunit dimerizetion is independent of icnic strength. Small
subunit dimerization was independent of the amount of ribosomes
dissociated and of the centrifugation temperature.

The width of the 605 subunit peak derived from single
ribosomes, observed by an absorbance scan of the sucrose gradients,
was reproducibly found to be wider than that of the polyscomal 6085
subunit (e.g., Figure 9). This effect does not seem to be due to
contaminating components in the 60S peak (e.g., a leading edge of
undissociated single ribosomes or a trailing edge of dimerized
subunits) since it can be demonstrated by measurement of the 60S
peak at above the one-half peak height. Furthermore, this peak

widening is seen on both sides of a line drawn vertically through
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Figure 9. - Broa&ness of the large subunit'peakipf single.
ribosomes. Single ribosomes (S) and polysomes (P) are
issociated in Ko5g Tgg Mj . 5 and are sedimented on 36 ml
10-30% sucrose gradients containing the moderate ionic
strength buffer. Centrifugation was for 11 hr at 25,000

rpm at 2° in the SW27 rotor.
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the center of the peék. This difference between polysomal and
single ribosome-derived 60S subunits is observed independently of
the ionic strength used for ribosome dissociation, the gradient
sucrose concentration, the distance sedimented down the centrifuge
tube, and the tempefature of gradient centrifugation. I suggest
that the most likely explanation for the broadness of the single
ribosome~derived 60S peak is that the peak contains a structurally
heterogeneous population of subunits, some of which may be on the
verge of unfolding. Such subunits may exhibit only slightly altered
sedimentation coefficients and thus sediment as one broad peak.

To fest this idea I examined whether the subunits from
single ribosomes are more susceptible to forming derivative particles
than are those from polysomes. Figure 10 shows this experiment.
Single ribosomes and polysomes were dissociated at 500 mM XCl at
various MgCl, concentrations. At 5 mM MgCly (which is routinely
used for subunit preparation) both ribosome sources dissociate to
structurally stable subunits. At 3 mM MgCly, dissociation of single
ribosomes but_not of polysomes results in the partial derivatization
of the 60S peak to a subparticle, sedimenting ahead of the small
subunit at about 508, At 2 mM MgCl, this derivatization is extensive
for single ribosome derived 60S subunits but is just beginning for
the polysomal subunit. This difference in the broadness of the 80S

subunit peak and the relative susceptibility of the single ribosome



Figure 10. Derivitization of the large ribosomal subunit

at high monovalent:divalent cation ratios. pH S_Precipitated
gradient fracticnated single ribosomes and polvsomes were

the starting material for this dissociation experiment. Part
A shows the dissociation of single ribosomes at Kggo T5p and
MgCl, concentrations of 5-1 mM as indicated in the individual
panels. Part B shows the identical experiment for polysomes.
The same amount of ribosomes {(three Aggg units) is disscciated
in each case. The dissociated ribosomes are analyzed on

36 ml 10-30% sucrose gradients. Centrifugation was for 10

hr (A) and 11 hr (B) at 25,000 rpm at 2° in the SW27 rotor.
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derived subunits to derivatize was observed at both moderate and
high ionic strength dissociation conditions. Thus, I feel that
the broadened peak and enhanced susceptibility to derivatize are
related phenomena.

The 40S peak from dissociated single ribosomes did not
appear to be broader than the polysomal 40S subunit, although this
was difficult to compare since the small subunits from these two
ribosome sources dimerized to different extents. However, a deriva-
tive particle sedimenting slowef than the 408 peak was occasionally
observed. As is shown in Figure 11 (see also Figures 9 and 10),
this peak is produced to a greater extent from single ribosomes than
from polysomes. This peak is more pronounced when dissociation is
at high rather than moderate ionic strength. This peak is likely
to be derived from the small subunit, since the derivative form of
the large subunit never sediments slower than the 40S peak (see
Figure 10).

Although I do not understand these diséociation differences
between singlg ribosomes and polysomes, they seem to represent
intrinsic Sfructural differences rather than any preparative arti-
facts. For example, for the derivdtization differences shown in
Figure 10 pH 5-precipitated gradienﬁ purified ribosomes were used
to eliminate any contamination present in the usual riboscme

preparative method -- gradient centrifugation of the crude lysate.



Figure 11. A derivative peak from single ribosomes.
Polysomes (P) and éingle ribosomes (S) are dissociated
at Kggg Tgg M5 and layered on 10-30% sucrose gradients
containing the high ionic strength buffer. Centrifugation

was for 11 hr at 25,000 rpm at 2° in the SW27 rcotor.
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Furthermore, these differences were still observed when highly
purified polysomes and single ribosomes (obtained by centrifugation
on gradients containing a moderate ionic strength buffer [0.25M KC1l;
0.01M Tris-HC1l, pH 7.4; 0.01M MgClol to remove contaminants) were
used.

C. Assay of Ribosomal- Subunit Activity in the Reticulocyte

Lysate Cell-free Protein Synthesis Systen

1. Characterization of prot=in synthesis in the lysate
system,

‘Figure 12 shows that the best lysates gave linear
protein synthesis for 30 minutes or longer. The maintenance of this
linear rate of synthesis is dependent upon the addition of hemin to
the lysate. 5 x 107°Y hemin was found to be optimally stimuiating.

A short digression is needed to explain this well
known effect of hemin, which is still not understood in molecular
detail. The presence of hemin is needed for continuing initiation
in the lysate system (238,23%2). In the absence of hemin the rate
of protein synthesis rapidly decreases and polyscmes disaggregate.
A similar need for hemin is exhibited by intact reticulocytgs (210,
241). In the absence of hemin a translation repressor is formed
from a pro-inhibitor in the lysate (242,243). The pro-inhibitor
form is stabilized by hemin. The inhibitor apparently interferes

with the function of an initiation factor (244-247) and in the most
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Figure 12. Rate of protein synthesis in the lysate system
and the effect of hemin. Two different lysate preparations

are incubated with [14C]-L-leucine and I 5x107°M hemin. Radio-
activity incorporation is determined as described in Materials
and Methods. The lysates shown are typical of the best
preparations. They exhibit a linear rate of protein synthesis

which is dependent upon the presence of hemin.
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recent research this inhibkition is localized to an early step in

Ty

initiation complex formation (63,248,249}, Vhile this effect of

hemin or reticulecyte protein synthesis was initially thought to
be a manifestation of the coordinate vegulation of heme and globin
syntheses (250), this interpretation is no longer unambiguous,
since the effects of hemin and of the inhibitor extend to¢ the
synthesis of nonglobin proteins (251-255) and have been demonstrated
in protein synthesizing systems from other mammalian cells (247,
251 /256 .

The absorbanceé profiles in Figure 13 show that poly-
ribosomes are maintained in the lysate cell-free system for at
least 1€ minutes during this period of linear svnthesisz at 28°,
The radioactivity profiles suggest that the polysomes rapidly reach
a steady state of nascent chain radioactivity and that ribonuclease
activity does not cause accumulation of polysomzl breakdown products
in the 805 peak. The radiocactivity profiles also illustrate the
inactivity of single ribosomes in amino acid incerporation. By
compariscn with Figure 12 it can be seen that these steady state
polysomes must be continuously releasing globin chains and that

f

efficient ribosoms re-initiation of protein syntheslis on mRNA occurs

[¢5)

n this system. In fact, Adamson et al. (89) showed that the lysate

e

functions at close to the level of the intact cell for at least 15

minutes. However, as will be seen in other figures, earlier polysome



Figure 13. Polysome‘function in the reticulocyte lysate.

0.5 ml lysate incubations were incubated for 5 minutes (A)

and 10 minutes (B) with [1%C]-L-leucine. The pH 5 precipitated
ribosomes from the incubation mix were sedimented on 16 ml i
15-30% sucrose-RSB gradients. Twenty-five drop fractions of

interest were collected for radicactivity determination.
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- pundown is sometimes observed in some lysate preparations. The above
characteristics suggest the utility of the lysate system for examining
purified riboscmal subunits for activity and efficiency.

Figure 1% shows an analysis of the function of gradient
purified [32P]-labeled polysomes and single ribosomes in the lysate
system. The added polyscmes are seeu to equilibrate with the ribo-
somal subunits since these fractions attazin a similar specific
radioactivity (ecpm/Apgp). The radiocactivity in the 808 peak is less
than would be expected if this ribosomal class had also eguilibrated
with the added radicactive ribosomes, and could be due to [32P1-
polysome Dbreakdown or to runoff. Tt was experiments of this type
that allowed Adamson et al. (83) to characterize a subunit-polyriboscme
cycle of protein synthesis in the reticulocyte lysate and to demon-
strate the nonequilibration of sgingle ribosomes with the active
ribosomal forms. AAdded [32p]-single ribosomes are seen to be largely
inacfive in protein synthesis in the lysate system (Figure 1u4).
However, single ribosomes can be partially recruitéd into polyribo-
somes, a process which involves a preliminary dissociation step

(257).

system.
As described, the lysate is highly efficient in protein

synthesis -- multiple rounds of translation cccurring by the normal
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Figure 1k, Analysis of polysome and single ribosome function
in the lysate system. [32P]-labeled polysomes (P) and [32p]-
labeled single ribesomes were incubated for 10 miPutes in

lysate incubations (1.0 ml). After incubation the ribosomes
were obtained from the lysate by pH 5 precipitation. The re-
dissolved ribosomes were layered on a 33 ml 15-30% isokinetic
sucrose-RSB gradient over a 3 ml 60% sucrose-RSB cushion.
Centrifugation was for 20 hr at 15,000 rpm at 2° in the SW27
rotor. Sedimentation is to the left and large polysomes collect
at the sucrose cushion interface; and the absorbance at 260 nm
is read manually in the collected fractions of this region.
Single ribosomes (808) sediment about half way down the gradient,
The gradients are collected in 25 drop fractions for radio-
activity determination by pumping from the bottom, as described

in Materials and Methods.
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subunit-polyriboscme cycle of pfotein synthesis., Subunit activity
zssay in the lysate system measures the qbility of added purified
subunits to become involved in this active cyecle. of protein
synthesis. Specifically, the ability of subunits to enter polyribo-
somes 1s measured. For this purpose, subunits from various ribosome
sources were incubated in the lysate and their entry into different
ribosome classes was analyzed as described in Materials and Methods.
As will be characterized here, the appearance of radiocactivity in
polysomes is due to the efficient participation in protein synthesis
of the added [32P]-ribosomal subunits.

The amount of subunits added per assay was generall
500-1000 cpm (approx. 0.15-0.3% Asgg units ribosomes). I have
estimated that this amount of added subunits represents about 25%
of the native pool of the large or small subunits. Therefore, as an
approximation, the added subunits should behave as a tracer amount.

| 3. Comparison of polysomal- and single ribosome-derived

subunits in the lysate system

Figure 15 shows an assay of the activity of 50S sub-
.units from polysomes and from single ribosomes which were prepared
by dissociation in high ionic strength buffer. The comparison shows
that the large subunits from these two ribosome sources show similar
activity in the lysate system. The important polint to note in this
type of comparisen is the percentage of added subunits which enter

active polysomes. In both cases approximately 50% of the added
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Figure 15. Comparison of polysomal- and singleﬂribosomem
derived large subunit activity in the lysate system. The
60S subunit was from the dissociation of [32PJ-labeled poly-
somal (P) and single ribosomes (S) in Ksgp Tso Ms. The
incubations (1.¢ ml) were for 10 minutes and the ribosomes
from the incubations were analyzed on sucrose gradients as

described in Figure 14 and Materials and Methods.
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subunit radicactivity has entered pelysomes during a 10 minute
incubation at 28°. TFor the initial studiss, this incubation time
was chosen based on the observation of Adamson et .al. (89) that
added [32P]-poiysomes become équilibrated with the pool of native
subunits within a & minute Incubation at 37°. I found that incuba-
tions longer than 10 minutes at 28° do net result in a . further in-
crease in the amount of subunits entering polysomes. The radic-
activity seen in the B80S peak could be due to polysome runoff and/or
a fraction of the added subunits entering single ribosomes directly.
These possibilities are distinguished in kinetics of entry studies
presented next. Evidence that the radiocactivity seen in polysomes
is due to the participation of the added subunits in protein
synthesis is shown in a subsequent section.

The type of experiment just presented cannot eliminate
the possibility that single ribosome-derived subunits are initially
inactive (or less active than polysomal subunits) in the lysate
system.but become activated during the incubation and become as
active as polysomal-derived subunits. To test this possibility a

kinetic study of the entry of subunits from both riboscme sources

e

nto the different ribosome classes in the lysate was performed.
As seen in Figure 16A-C, large subunits from both ribosome sources
enter into polyscmes rapidly. Within one minute the amount of

subunits from both ribosome sources which entered polysomes was
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Figure 16, Kinetic study of the entry of large subunits
into different ribosome size classes in the lysate system.
Single ribosome-derived (S$60) and polysomal-derived (P60)
‘large subunits were prepared by dissociation of [32P]-labeled
ribosomes in Kggg Tsg Ms. Subunits were incubated in the
lysate for one minute (panel A), three minutes (banel B) and
10 minutes (panel C). Ribosomes from the incubations were
analyzed on sucrose gradients as described in Figure 14 and
in Materials and Methods. Distance ssdimented down the tube
is shown on the abscissa. 1 ml fractions of interest along

the gradient were collected and analyzed for radioactivity.



(A)

(NdD) A LIAILOVOIOWH
T
w
',
W13 @©
Q .
@
(& m o
% | = |9

TOP

BOTTOM

Wwu 092 3ONVE40SgV

FIGURE.16



(B

(NdD)  ALIAILOVOIQVY

80S

S60

BOTTOM

o] Q
© <
¥ T

-20

z

ToP -

wu 092 IONVEHOSEV

TOP

BOTTOM



(NdD)  ALIAILDOVOIQVY

(C)

80S

| s60

TOP

TOP

BOTTOM

pPe0

Wwu 092 3JONvEd0SaY



similar, but perhaps quantitatively greater for the polyscmal-
derived subunit, By three minutes the maximum amount of subunits
had entered polysomes and this amount was similar (greater than
50% of the added subunits) for both ribosome sources., Further
interpretations of this experiment are given after presentation
of a similar experiment with the 408 subunits.

Figure 17 shows an experiment in which the kineties
of entry of the small subunit from polysomes and from single ribo-
somes into different ribosome classes in the lysate are compared.

A small amount of subunits from each ribosome source enters poly-
somes by one minute and this amount increases and 1s maximal by
three minutes. The rate of entry and the maxzimum amount of entry
into polysomes seems similar for both ribosomal sources. The small
subunits from both ribosome sources showed less pradicactivity in
polysomes at one ﬁinute of incubation than was seen in the experi-
ments with the large subunits. This slower entry of small subunits
may be related to a need to generate intermediate initiation forms
of the small subunits before they become polysomal-bound. For
example, as discussed in the Introducticn, initiating small subunits
contain bound initiation factors and initiator-tRNA (59-63). The
generation of an initiating subunit from added salt dissociated
small subunits is presumably similar to the mechanism by which normal

small subunits, terminating synthesis on a polysome, are processed
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Figure 17. Kinetic study of the entry of small subunits into
different ribosome size classes in the lysate system. 40S
subunits were prepared from [32p]-labeled single ribosomes and
polysomes dissociated in Kggg T5g M5. These subunits were from
the same dissociation reaction as the large subunits assayed

in Figure 156, Small subunits were incubated for 1, 3 and 10
minutes in the lysate system and ribosomes from the incubations
were analyzed on 29 ml 15-30% linear sucrose~RSB gradients.
Centrifugation was for 3.25 hr at 25,000 rpm at 2° in the SW25.1
rotor. OCradient fractions were collected and analyzed for

radicactivity as in the previous figures.
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to reinitiate (91). By contrast, large subunits do not require
activation before initiation.

In the kinetic studies with the small aﬁd large sub-
units a small proportion (20-30%) of the added subunits immediately
{(within one minute) entered the pool of single ribosomes. This
initial entry into the inactive pool occurs without the subunits
participating in a round of translation. The proportion of large
or small subunits initially entering single ribosomes was similar
for subunits derived from single ribosomes and from polyribosomes.
In other words, there is no preferential tendency for subunits
derived from single ribosomes to re-enter this inactive pool.
Further evidence bearing on the nature of the subunits immediately
entering single ribosomes is presented later. Besides the subunits
initially entering single ribosomes, additional radiocactivity is
seen in the 80S peak at 10 minutes of incubation (Figures 16 and
17). This is apparently due to polysomal runoff during the incuba-
tion and is not limited to those polysomes containing radioactive
subunits, since the total polysomal population, as evidenced by
the absorbance profile, shows noticeable runoff. Thus, the quantity
of active subunits in a preparation as judged by entry into polysomes
during a 10 minute incubation (about 50%, e.g., Figure 15) provides
a minimum estimate of the fraction of added subunits which has

participated in protein synthesis.
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The kinetic studies Illustrate a further important
‘point about subunit function in the lysate system. As seen in Figures
16 and 17, and found also in other experiments, the size distributicn
of'radioactive polysomes is identical at all times to the size.
distribution of unlabeled polysomes which are responsible for the
absorbance at 260 nm. If the radicactive subunits were inactive or
sluggish in protein synthesis after initiating on polyscomal structures,
the radioactivity distribution would not coincide with the absorbance
profile. I, therefore, conclude that radioactive subunits in poly-
somes are as efficient in protein synthetic rate as are the nonradio-
active endogenous ones. This conclusion is true regardless of
whether the large or small subunit is assayed or whether the subunits
were from polysomes or inactive single ribosomes.

A series of experiments was designed to further
investigate the nature of the subunits which immediately enter single
ribosomes when incubated in the lysate. According to the model of
Kaempfer (66,67) subunits will form single ribosomes upon termina-
tion of synthesis on polysomes if they interact with a complementary
subunit before binding an initiation factor. Lubsen and Davis (86)
have further reported the presence of distinct dissociation factors
on both native reticulocyte ribosomal subupits. Thus, a random
fraction of added subunits in the lysate assay system could initially

enter single riboscmes by this mechanism; if this were the case, it
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- would be possible tﬁat such subunits were not inherently inactive
when added to the lysate, but- rather entered the inactive pool as
a chance event.

This model predicts that the -proportion of subunits
immediately entering single ribosomes would depend on the amount of
subunits added. For example, added subunits in excess of avallable
initiation factors would spontaneously form single ribosomes. I,
therefore, tested this model by incubating different amounts of
subunits in the lysate and analyzing the proportion of subunits
that entered single ribosomes. Figure 18 shows such an analysis for
the small subunit. The proportion of subunits entering single ribq—
somes and poly<omes is independent of the amount assayed. A similar
experiment with the identical result is shown for the large subunit
in Figure 19. These data do not support the model discussed, but
rather suggest thét'a constant proportion of the purified subunits
enter single ribosomes. As already described (Figures 16 and 197,
this fraction of inactive subunits is similar for éach subunit
regardless of whether prepared from polysomes or single ribosomes.
This fraction of inactive subunits is presumably different from the
inactive fraction of subunits which still sediment in the subunit
region of the gradients after incubation in the lysate and have
apparently not participated in either protein synthesis or single

ribosome formation.
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Figure 18. Analysis of small subunit activity in the lysate
system at three amounts of added subunits. The 40S subunit

was from [32P]-labeled single ribosomes dissociated in

Ksoo Tsp M5 (same preparation as used in the experiment of
Figure 17). The incubation in thevlysate was for three minutes.
Panel A shdws the assay of a barely detectable amount of sub-
units. Panel B shows the normal amount of assay radioactivity.
Panel C shows the assay of a larger than normal assay amount

of radicactivity. Sucrose gradient analysis of the ribosomes
from the incubations was as described in Figure 1B and Materials
and Methods. Distance sedimented down the tube is shown on

the abseissa. 1 ml fractions of interest along the gradient

were collected and analyzed for radioactivity.
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Figure 19. Analysis of large subunit activity in the lysate
system at three amounts of added subunits. The 60S subunit
was from [32P]-labeled polysomes dissociated in K500 Ts0 Ms
(same preparation as used in Figure 16). The incubations in
the lysate were for 10 minutes. Panel B shows an assay with
the normal amount of radicactive subunit. Panel A shows an
assay with one-half this amount and Panel C shows an assay
with twice this amount of radioactivity. Sucrose gradient
analysis of the ribosomes from the incubations was as described
in Figure 14 and Materials and Methods. Distance sedimented
down the tube is shown on the abscissa. 1 ml fractions of
interest along the gradient were collected and analyzed for

radioactivity.
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During the course of this work a report appeared
sheowing that sea urchin ribosomal subunits were three times as active
in a poly{U) assay if they were prepared by dissociation at 0.2uM
-KC1 rather ‘than 0.50M KC1 (258). Another report showed that -dissocia-
tion cf murine myeloma cell ribosomes with either high or moderate
KC1l concentrations (at appropriate MgCls concentrations) produced
‘subunits of similar activity in a poly(U} assay (204). Since a
portion of subunits from the high ionic strength dissociation
procedure appeared unable to participate in protein synthesis in the
lysate system (Figures 15, 16 and 17), I wished to learn whether

reparations with a larger proportion of active subunits could be
obtained by dissociation of reticulocyte ribosomes by moderate

rather than high ionic strengths. For this purpose 1 simply modified
the procedure of Blobel and Sabatini to carry out disscciation of
ribosomes and gradient centrifugation at Kogq Tgg Mo 5 and

Kosg Tgg My 5. These subunit preparations have already been discussed.

Figure 20 shows a comparison of the activity in the
lysate system of polysomal small subunits dissociated in high and
moderate ionic strengths. The small subunits were not more active
when prepared at the moderate ionic strength. In fact in the assay
shown, the subunits prepared at the higher ionic strength appeared
slightly more active (55% of added subunits in polysomes) than the

subunits prepared at moderate ionic strength (50% of added subunits



107

Figure 20- Analysis in the lysate system of the activity
of polysome-derived small subunits prepared in high and
moderate ionic stréngths. The polysomal-derived large
subunits were prepared in Kggg Tsp M5 (for the experiment
shown in panel A) and Kpgg Tgg My, 5 (for the experiment shown
in panel B). Incubation of the subunits in the lysate system
was for 10 minutes. Ribosomes from the incubations were
analyzed on sucrose gradients as described in Figure 14 and

Materials and Methods.
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in polysomes). TFigure 21 shows a similar experiment with the poly-
somal large subunit. In this case the 608 subunits prepared by
moderate ionic strength dissociation appeared morve active (61% of
added subunits in polyscmes) than the subunits obtained by dissocia-
tion at high ionic strength (43% of added subunits in polysomes).
Figure 22 shows an assay of the 60S subunit from single ribosomes
dissociated at moderate ionic strength. By comparison with the
polysomal-derived subunit (Figure 21B), the single derived subunits
(Figure 22) appeared slightly less active.

In the experiments-just deseribed [32P]-subunits were
frozen divectly from gradient fractioﬁs, whereas in the experiment
of Figure 15 the subunits were concentrated from the gradient
fractions by high speed centrifugation. Both methods gave comparable
ribosomal subunit activity. In the first case, control experiments
showed that 50-100 pl of the sucrose-high ionic strength buffer
could be added to the lysate system without inhibiting the rate of
protein synthesis. Such an addition changes only slightly the Mgt+
ion concentration in the assay mix. |

Since two types of inactive subunits occur in the
purified subunit preparations (i.e., those that enter si
somes and those that stay as subunits), I tried to learn if these
inactive forms were related to the ribosome dissociation procedure.

I, therefore, prepared native ribosomal subunits by a method which
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Figure 21. Analysis in the lysate system of the activity

of polysome-derived large subunits prepared in hiéh and
moderate ionic strengths. The polysomal-derived large
subunit was prepared in Kgsgg Tsg M5 (for the experiment

shown in panel A) and Kogg Tgg Mp,5 (for the experiment shown
in panel B); Incubations of the subunits in the lysate system
was for 10 minutes. Ribosomes from the incubations were :
analyzed on sucrose gradients as described in Figure 1Y% and

Materials and Methods.
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Figure 22. Analysis in the lysaté system of the activity of
single ribosome-derived subunits prepared in moderate ionic
strength. This is a companion experiment to the one shown in
Figure 20B. The polysomes and single ribosomes used in pre-
paring subunits for these assays were from the same preparation.
The single ribosome-derived large subunit was prepared in

Kosg Tsg Mo.5. Incubation of the subunits in the lysate system
was for 10 minutes. Ribosomes from the incubations were
analyzed on sucrose gradients as described in Figure 14 and

Materials and Metheds.
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" avoids treétment of ribosomes with high or moderate salt concentra-
‘tions (see Materials and Methods). Figure 23 shows an analysis of
the function of [92P]-labeled native subunits in the lysate system.
These subunits were not more active than the derived subunits in
this assay system: As alsc seen with dissociated subunits, -the
native subunits showed fractions entering polysomes, single ribo-
somes and a sizeable fraction still sedimenting as subunits after
incubation in the lysate. Thus, it seems that ribosome purifica-
tion, in general, results in unavoidable inactivation of a fraction
of the »ibosomes.
4, CEDvidence that entry of [32p])-1abeled ribosomal subunits

into polysomes is the result of normal protein synthesis

I initially examined the relationship between the
appearance of radicactive subunits in polysomes and the process of
protein synthesis by testing whether radicactive subunits entered
polysomes in the presence of cycloheximide, an inhibitor of protein
synthesis elongation. In preliminary experiments I showed that
either incubation of the lysate on ice or incubation at 28° in the
presence of 30 ug/ml cycloheximide inhibited the rate of protein
synthesis by greater than 98%. Yet T found that in either of these
conditions about 20% of the added svbunits were able to enter poly-
somes. I did not, at first, understand this observation but the

recent work of Baglioni (259,260) suggests that ribosomal initiation
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Figure 23. Assay of native ribosomal subunit activity in the
lysate system. The native large subunit (N60) and the native
small subunit (N40) were prepared by sucrose gradient centrifu-
gation as described in Materials and Methods and as shown in
Figure 5. Incubations were for three minutes. Ribosomes from
the incubations were analyzed on sucrose gradients as déscfibed
in Figure 14 and Materials and Methods. bistance sedimented
down the tube is shown on the abscissa. 1 ml fractions of
interest along the gradient were collected and analyzed for

radioactivity.
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complexes can be formed in the presence of cycloheximide and there-
fore in the absence of peptide bond formation. Arnstein has shown
that a small amount of radiocactive rat liver ribosomal subunits can
enter the polysomes in a reticulocyte cell-free lysate and that
globin messenger ribonucleoprotein can be incorporated into ribo-
somes, both in the presence of cycloheximide (261). He, therefore,
also suggested that initiation complexes can form in the absence of
peptide bond formation. Thus, in my control experiments a small
amount of both the large and small subunits may become polysomal-
bound as a result of initiation complex formation in the presence of
cycloheximide.,

4 more appropriate condition for examining the
dependence on protein synthesis of subunit entry into polysomes was
obtained by the use of a specific inhibitor of the initiation of
protein synthesis, aurintricarboxylic acid. Preliminary gradient
analyses showed that incubation of lysates with this inhibitor led
to a rapid disaggregation of polysomes. However, polysomes are
maintained in the presence of cycloheximide (262,263) and I was

able to show that in the presence of both inhibitors polysomes are

minute incubation at 28°. I used aurintricarboxylic acid at a
concentration (2x10-%M) shown by other workers to inhibit initia-

tion in a reticulocyte lysate (264). Figures 24 and 25 show analyses
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Figure 24. Dependence on protein synthesis of [32P]-labeled
small ribosomal subunit entry into polysomes. Polysomal-
derived small subunits for these assays were prepared by
dissociation in Kggp Tso Ms. The radicactive subunits were
incubated in lysates for five minutes at 28° (panel A) or
briefly on ice (panel B) in the presence of 1.1x10-%¥ cyclo-
heximide and 2x10-%M aurintricarboxylic acid in both cases.
The ribosomes from the incubations were analyzed on 20 ml
linear 15-30% sucrose-RSB gradients. Centrifugation was for
3.25 hr (panel A) and 2.5 hr (panel B) at 25,000 rpm at 2°
in the SW25.1 rotor. 1 ml fractions were assayed for radio-

activity as already described.
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Figure 25. Dependence on protein synthesis of [32P]-labeled
large ribosomal subunit entry into polysomes., Polysomal-derived
large subunits for this assay were prepared by dissociation in
K500 Tsg M5. The radiocactive subunits were incubated in the
lysate system for five minutes at 28° iIn the presence of
1.1x10"%M cycloheximide and 2x10~%y aurintricarboxylic acid.

The ribosomes from the incubation were analyzed on a sucrose
gradient as described in Figure 14 and Materials and Methods.

1 ml fractions of interest were collected for radioactivity
determination. Distance sedimented down the tube is shown on

the abscissa.
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of radioactive subunit sedimentation after incubation in a lysate
containing cycloheximide and aurintricarboxylic acid. The entry of
either the large or small subunit into polysomes is blocked in the
presence of both inhibitors. This data strongly suggests that the
‘subunits entering polysomes in the usual assay conditions (i.e., no
inhibitors present) are participating in protein synthesis in a.
manner requiring normal initiation.

Several additional types of experiments were designed
to show that the subunit radiocactivity appearing in the polysome
gradient regions is not due to aggregation of subunits or their
adsorption onto polysomes. Figure 26A shows that sedimentation of
the large subunit alone on a gradient of the type used for analysis
of the ribosomes from lysate incubations results in almost all of
the radiocactivity sedimenting in the large subunit region. In
another experiment the same result was obtained if the large subunit
was first incubated with a pest-ribosomal supernatant fraction prior
to centrifugation (not shown). Panel B of this figure shows that
the radiocactive small subunits do not sediment in the polyéome
region if they are layered on a gradient together with unlabeled
ribosomes and centrifuged. Thus, the appearance of radicactive
subunits in polysomes during a lysate incubation is not an artifact
of gradient centrifugation or of a spurious interaction of the sub-

units with components of the lysate.
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Figure 26. Evidence that ribosomal subunit radicactivity
seen in polysomes is not due to artifacts. The single ribosome-
derived subunits used in the analyses shown were obtained by
dissociation in K5QQ Tsp Ms. Panel A shows a sedimentation of
radioactive large subunits alone on the type of gradient used
for analysis of ribosomes from lysate incubations (see Figure
14). Panel B shows the sedimentation of radiocactive small
subunits when they were added to nonradicactive ribosomes from
the reticulocyte lysate and centrifuged together (for gradient
and centrifugatioﬁ conditions see Figure 14). In neither case
does the subunit radicactivity sediment in the polysomal

region. See text for further explanation.
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While’the kinetics of entry experiments already
described suggested that the radiocactive subunits in polysomes are
functioning normally, I have also examined this point by physical
criteria. TFigure 27 shows that the radioactive large andhsmall
subunits remain associated with polyribosomes when the ribosomes
from lysate incubations are sedimented on gradients containing a
moderate ionic strength buffer, which is routinely used for removing
contaminants adsorbed to polysomes. This experiment therefore
suggests that the radioactive subunits are not merely adsorbed to
polysomes. In another experiment it was shown that release of
the radiocactive subunits from polysomes by the high salt dissocia-
tion method required an incubation with puromycin (not shown).

This suggests that the radiocactive subunits are in polysomal couples
containing nascent polypeptide chains rather than merely having
formed nonproductive complexes on the polysome. These control
experiments strongly suggest that the radioactive subunits which
are seen in the polysome gradient regions after incubation in the
lysate system are participating in normal protein synthesis.

D. Assay of Ribosomal Subunit Activity in the Fractionated

Reticulocyte Cell-free Protein Synthesis System

As discussed, I have shown that purified ribosomal subunits
can function efficiently in the crude lysate protein synthesis system

and that the large and small subunits from either polysomes or single
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Figure 27. Retention of [32P}-subunits in polysomes in the
presence of moderate ioﬁic strength. Polysome-derived large
and small subunits were prepared by dissociation at Kggg Tgq Mg
Panel A shows an analysis in which the large subunit was
incubated in the lysate for 10 minutes; the ribosomes from the
incubation were sedimented on a 33 ml 15-30% isokinetic sucrose
gradient over a 3 ml 60% sucrose cushion. The sucrose solutions
contained a moderate ionic strength buffer [0.25M KC1; 0.01M
Tris HC1 (pH 7.4); 0.01M MgClo]. Panel B is an identical
analysis for the small subunit. 1 ml fractions of interest
were assayed for radioactivity. Distance sedimented down the

tube is shown on the abscissa.
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ribosomes seem to fuﬁction with similar efficiency, with occasional
minor differences observed. A conceivable disadvantage of the lysate
system which is difficult to rule out is the possibility that the
componenté of this crude system rapidlyAmodify added subunits to
equivalent forms, thereby making the detection of functional differ-
ences difficult. The presence of protein kinase and phosphoprotein
phosphatase in the lysate would cause a similar uncertainty about

the comparative assay of phosphorylated and dephosphorylated ribo-
somes in this system.

For these reasons, I have utilized a fractionated reticu-
locyte cell-free protein synthesis system. This‘system was developed
by Crystal et al. (226) and was used by that group to study messenger
RNA and initiation factor function. These workers used ribonuclease-
treated ribosomes as the ribosomal source for the translation of
added mRNA. Schrier and Stachelin have recently reported similar
mammalian fractionated systems which use subunits as the ribosomal
source for translation (265,266).

In my initial experiment I tested the ability of ribosomal
subunits, prepared by the dissociation of unfractionated lysate
ribosomes, to function in the reticulocyte fractionated system.
Figure 28 shows this experiment in which the kineties of [l4¢7-L-
leucine incorporation by the ribosomal subunits is measured. The

incorporation is dependent upon ribosomes; messenger and initiation
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Figure 28. Protein synthesis in the fractionated cell-free
system by subunits prepared from lysate ribosomes. 0.25 Angg
ribosomal subunits (60S and #0S subunifs added in 2.5:1 ratio)
were assayed. These incubations and those in subsequent figures
contained saturating amounts of mRNA and initiation factor
fraction. The assays shown were with subunits dissociated in
Ksop Tso Ms (H) and Kpgg Tgg Mp.g (M). (-) indicates the
control assay without ribosomal subunits. 20 pl aliquots of

a 100 yl incubation were taken at the times indicated for
determination of acid precipitable [1%C]-L-leucine as described

in Materials and Methods.
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factor dependency is shown in subsequent experiments. Subunits
prepared at a moderate ionic strength were more active than those
prepared at a high ionic strength. The activity shown here for
ribosomal subunit protein synthetic activity is very similar to that
obtained in an identical assay with ribonuclease-treated ribosomes. -
This approach, therefore, looked promising and I assayed
subunits from single ribosomes and from polyscmes in this system.
Figure 29 shows such an experiment in which it is seen that polysomal-
derived subunits had about 1.5 times the rate of protein synthesis
as those derived from single ribosomes. This difference is seen
at the several time points examined. For both polysomai— and
single riboscme-derived subunits, about one-half of the total amount
of incorporation seen with both subunit fractions is observed with
the 60S fraction alone. In other subunit preparations synthesis was
also cbserved with the 605 fraction alone; addition of the 408
fraction was not further stimulatory and was occasionally inhibitory.
The native €0S subunit also showed synthesis without the addition
of the native small subunit; the native subunits were not more active
than derived subunits in this assay system. These results suggest

that the 808 fraction is contaminated with dimers of the 40S subunit
and that these small subunits are able to form productive ribosome

couples with the large subunit when incubated in the fractionated

cell-free system.
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Figure 28, Protein synthesis in the fractionated cell-free
system by subunits prepared from polysomes (P) and single
ribosomes (S). The assay is as described in Figure 2B and
Materials and Methods. 0.72 Apgg large subunit (60) is

assayed ¥ 0.28 Aggp small subunit (40).
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That this effect is due to cross-contamination of the
large subunit peak is consistent with the 608:4%0S peak area ratios
obtained in the dissociation experiments and discussed previously.
To test this interpretation of protein synthesis by the 608 fraction
alone, I performed an experiment to determine the approximate sedi-
mentation position of the active ribosomal species in the 605
fraction. As shown in Figure 30, gradient analysis of protein
synthesis by the 60S ribosomal subunit fraction allows detection
of the active ribosome species containing radicactive nascent poly-
peptide chains. This species sediments slightly faster than the 80S
marker and is, therefore, probably a monoribosome (i.e., both
ribosomal subunits on a globin mRNA molecule). This evidence
supports the idea that the 60S subunit fraction is contaminated by
active small ribosomal subunits.

Before discussing my attempts to resolve this preparative
preblem, the implications of the data already presented merits

. further discussion. The data from the nascent chain radioactivity
experiment of Figure 30 can be treated quantitatively to calculate
the percentage of ribosomes which are active at a given instant in
the cell-free system. Since I have shown by an isotope dilution
experiment that there is no endogenous pool of L-leucine in the
fractionated system, the cpm's of nascent chain vradiocactivity can

be converted directly to pmol nascent chain leucine per pmol ribosome



Figure 30. Position of sedimentation of the active ribosomal
species in the 60S subunit peak. The large subunit peak used in
this experiment was from the dissociation of polysomes at

Ksop Tsg Mg. 0.1 Appg unit 60S fraction was assayed in a
standard 100 ul assay in the fractionated cell-free system.

At 10 minutes (panel A) and 20 minutes (panel B) of incubation
40 ul fractions were removed and layered on 4.8 ml 10-30%
sucrose-RSB gradients. The gradients were centrifuged for

2 hr at 39,000 rpm at 2° in the SW39 rotor. The gradients

were pumped from the bottom and collected in 8 drop fractions.
Acid precipitable [14C]-L-leucine was determined for the
fractions. 80S indicates the sedimentation position of single
ribosomes centrifuged on a separate gradient. The nascent
chain radiocactivity peak sediments slightly faster than 80S;

released chain radioactivity is seen at the top of the gradient.
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added from the isotope specific activity, counting efficiency and
amount of ribosomes assayed. The calculation yields a result of

one nascent leucine/ribcsome added. Each ribosome, in the steady
state, which is actively synthesizing a globin chain should contain
on the average one-half of a completed chain (8-9 nascent leucines).
The fraction of added ribosomes which are active in this system is,
therefore, 1 observed leucine/ribosome T 8-9 expected leucines/
ribosecme = 11-13%. A comparison of the nascent chain radioactivity
at 10 minutes and at 20 minutes (Figure 30) shows that the fraction
of active ribosomes reaches a steady state by 10 minutes in this
system and that the amount of released completed chains (radicactivity
at top of gradient) increases linearly with time throughout the in-
cubation.

That the fraction of active subunits is small in this
system is surprising for several reasons. Both large and small
subunits prepared by the same methods were shown to function
efficiently in the lysate protein synthesis system. Since maximum
synthesis in the fractionated system is sometimes observed with the
60S fraction alone, the small subunit dimers which contaminate the
60S fraction must represent an active ribosomal form, perhaps
structurally protected against inactivation. Furthermore, one of
the following po;sibilities must also be true. Either the small
subunit fraction (40S) is largely or completely inactivated for

assay in this system. Or, the large subunits are largely inactivated



and the acfive fraction of large subunits is already maximally
stimulated by the small amount of contaminating active small subunits.
Whether it is the large or small subunit which is inactive has not
been revealed by further experiments.

As already mentioned, my initial experiment showed that
purified subunits function as well as the ribonuclease-treated ribo-
some preparation of Crystal et al. (226). Since the subunits are
shown here to be largely inactive, the ribonuclease-treated ribosomes
must be similarly inactive. Indeed analysis of the percentage of
active pibosomes in a ribonuclease-treated lysate ribosome prepara-
tion by an experiment similar to that shown in Figure 30 gave a
value of less than 10% active ribosomes. This value can be raised
to 15-19% by our improved preparative methods, which avoid treatment
of the ribeosomes with high salt concentrations.3 I have alsc found
a low efficiency of function in this system for intact polysomes
prepared by very gentle methods. Thus, low efficiency of ribosome
utilization appears to be a general feature of this highly fraction-
ated cell-free protein synthesis system; and this is not solely due
to ribpsome inactivation by the preparative methods employed.

That a cross-contamination of the purified subunits would
be problematic in these studies is surprising since, as already
shown (Figure 8), the purified 60$ subunit fraction is only minimally

contaminated with small subunits as judged by analysis of the
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ribosomal RNA conteﬁt of the subunit fractien.

Several approaches were taken to try to eliminate or
minimize the problem of small subunit dimerization. Martin et al.
(196) have reported that dimerization of small subunits is dependent
upon the temperature of gradient centrifugation, being less at
higher temperatures. 1 have prepared ribosomes by the usual dissccia-
tion method, using either high or moderate ionic strength buffers,
end have found no reduction in the extent of small subunit dimeriza-
tion, as judged by the 60S:40S peak ratios in the sucrose gradients,
when the centrifugation was at 20° as compared to 2°, Furthermore,
the purified subunits from a 20° centrifugation were largely
inactive in the fractionated system; subunits prepared at the higher
temperature also function less well in the lysate system.

As I have noted above, the extent of small subunit dimeri-
zation does not depend on the amount of dissociated ribosomes
separated on a gradient. Thus, I was unable to obtain a less
contaminated large subunit peak by using small amounts {three A260
units) of ribosomes for dissociation. Furthermore, cross contamina-
tion occurred at both moderate and high ionic strength dissociation
conditions.

Cradient resedimentation of the ribosomes in the 60S
fraction in either high or low ionic strength buffers.(e.g., Figufe

26A) does not seem to cause the release of the small subunits from
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this fraction, although I have not tested such resedimented Fractions
for activity. Furthermore, I have in several preparations collected
a very narrow central portion of the 508 peak and assayed its
activity with and without added small subunits. This preparative
procedure restored somewhat the dependency of the 60S fraction on
added 40S subunits for synthesis, but the overall activity of the
subunits was greatly diminished. It thus appeared that highly
purified subunits became unstable, at least with respect to this
assay system. This effect has also been noted by Schrier and
Stachelin (263) who find that the ribosome is the most easily in-
activated component of fractionated protein synthesis systems.

These workers found it necessary to freeze both subunits together
with the supernatant enzyme fraction in order to maintain ribosome
stability during storage before assay.

Since the problem with the subunit assay in the fractionated
system seemed to be, at least in part, the result of the inactivation
of a large fraction of the isolated subunits, I utilized another
approach for subunit preparation. This was the preparation of
subunits by the usual dissociation method followed by pelleting of
the subunits together through a sucrose cushion &s desecribed in
Materials and Methods. Table I shows the results of an initial
comparison of polysomal- and single ribosome-derived subunits pre-

pared by this method, as well as some characteristics of the subunit
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Table 1

Protein Synthesis by Ribosomal Subunits in the

Fractionated Cell-Free System

i
cpm/40 pl
Subunit Source Amount WRNA FX-I 15° 30!
polysomes 0.05 Asgp g + 177 359
polysomes 0.1 + i 335 638
polysomes 0.2 + + 682 1185
polysomes 0.1 = + 14 22
polysomes 0.1 i - 21 Ul
single ribosomes 0.1 + + 279 584
single ribosomes 0.1 - + 10 14
ribonuclease-
treated lysate
ribosomes®?? 0.1 + + 230  u428
ribonuclease-
treated lysate
ribosome®? 0.1 + + 177 -, 277
i standard assays were 100 ul and contained saturating amounts of

mRNA and initiation factors.

44 + and - indicate the presence or absence of messenger RNA or
initiation factors (FX-I).

ribonuclease-treated ribosomes were sedimented away from ribo-
nuclease in a moderate ionic strength buffer [0.25M KCl; 0.01M
Tris-HC1 (pH 7.%), 0.01M MgClo].

e
g3,
‘.\

iv  rpibonuclease-treated ribosomes were sedimented away from ribo-
nuclease in a high ionic strength buffer, Kggg Ts5o Ms-
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assay. The polysomal-derived subunits are seen to be somewhat more
active than the subunits prepared from single ribosomes. The amount
of [14C]-L-leucine incorporated is linearly proportional to the amount
of ribosomal subunits assayed. . The subunits are messenger- and
initiation factor-dependent even when prepared without exposure to
high (0.5M XCl) salt concentrations. For comparison, the table
includes assays performed with ribonuclease-treated lysate ribosomes
prepared from the same reticulocyte preparation. Subunits and ribo-
nucilease-treated ribosomes were generally of comparable activity in
the fractionated cell-free system. Note again, as already described
for ribosomal subunits, washing of ribonuclease-treated ribosomes
with high salt concentrations decreases their activity in this assay
system.

Further analyses of protein synthesis in the fractionated
system by ribosomal subunits prepared by this method are shown in
Figure 31. The subunits display good activity and again the polysomal-
derived subunits are somewhat more active than the single ribosome-
derived subunits. In both experiments in Figure 31 this difference
is greatest at early time points; in the period 2-5 minutes the
polysomal subunits are over twice as active as those from single
ribosomes. The single ribosome-derived subunits appear to become
activated during the incubation (5-10 minutes) and in the period
10-30 minutes they exhibit an identical rate of protein synthesis

to the polysomal subunits. Thus, the difference seen in the amount
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Figure 31. Protein synthesis in the fractionated system by
subunits from polysomes (P) and single ribosomes (S).
Ribosomes were dissociated by Method B (see Materials and
Methods) in Kgpg Tsg My.5. 0.1 Aggg units ribosomal sub-
units were assayed. The assay wasvas described in Figure 28
and Materials and Methods. The two panels show identical

experiments with two different subunit preparations.
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of incorporation by polysomal- and single ribosome-derived subunits
during a 30 minute incubation is due almost entirely to their differ-
ing rates of protein synthesis at early time péints.

Subunits from both ribosome sources, as well as other
messenger-depleted ribosome forms (e;g., ribonuclease-treated
ribosomes, single ribosomes), exhibit a lag of at least one minute
before synthesis is detected (Figure 31). As shown below, iptact
polysomes do not exhibit a lag. These observations are consistent
with a detailed study showing a rate-limitation of this fractionated
system at the messenger selection step in protein synthesis
initiation.?

Another approach I have used to study the protein synthetiec
ability of messenger-depleted polysomes and single ribosomes is to
prepare ribonuclease-treated polysomes and ribonuclease-treated
single riboscmes and to compare their abilities to translate added
globin mRNA in the fractionated cell-free system. These experiments
are shown in Table II. Ribonuclease-treated polysomes are about twice
as active as ribonuclease-treated single ribosomes in globin mRNA-
directed [14C]—ﬁ—leucine incorporation (assays b and c). Assays a
and e show that the ribonuclease-treated ribosomes are both messenger-
and initiation factor-dependent, even though these ribosomes were
prepared without a high salt concentration. Assay d shows that high

salt treatment greatly inactivates ribosomes for assay in this system
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Table 11

Protein Synthetic Ability of Ribonuclease—treated Single
Ribosomes and Ribonuclease~treated Polysomes in the

Fractionateq Cell-Free System

: Sediment. o 2
Ribosome Source Buffep mRNA FX-1 cpm/40 $1/30°"
LA S —_—
4 polyscomes L¥ - + 55
b polysomes L + + 1292
¢ single ribosomes L + + 635
d polysomes H + + 341
€ polysomes L + ~ 68
Standard assays contained 0,1 Ao mRNA, 0.1 A2gp ribosomes and
an optimal concentration of initiation factors in 0.1 ml.
27 the ribosomes were sedimented away from ribonuclease in sucrose

containing either low ionic strength RSB (L) or high ionic strength
Ksoo Tsg Mg (H).



1u7

(compare with assay b).

Another comparison of single and polysomal ribosomes is
shown in Figure 32 in which the kinetics of endogenous and exogenous
messenger translation are measured. The polysomes are more active
than the single ribosomes and this difference is not just due to
the endogenous messenger content of the polysomes. The data at early
time points for synthesis by single ribosomes suggests, as vas found
for subunits derived from this ribosome class, that this ribosomal
form undergoes an activation in the cell-free system. Synthesis by
polysomes on endogenous messenger, in contrast to all other ribo-
somal forms tested, does not exhibit a lag phase. This further
suggests that an spitiation step rather than the elongation phase

of protein synthesis is rate limiting in the fractionated system.

E. Assay gg_PhosphorylaEgg_and Enzymatically Dephosphorylated

Ribosomes in the Fractionated Reticulocyte Cell-free Protein

Synthesis System

As just described, the fractionated systenm has allowed the
detection of a functional difference between the subunits of poly-
somes and of single ribosomes. This system, therefore, seemed
appropriate for an analysis of the need for protein phosphoryl groups
for the protein synthetic activity of ribosomes. Cur preliminary
comparison of control and dephosphorylated intact polysomes in this

system failed to detect an effect of phosphoryl group removal on

protein synthesis by these ribosomes (167). However, it seemed



148 j

Figure 32. Protein synthesis in thekfractionated system
by polysomes (P) and single ribosomes (S). 0.1 Agggp of each
ribosome source was assayed 1 a saturating concentration of
added mRNA. The assay was as described in Figure 28 and
Materials and Methods. Polysomes contain more endogenous
messenger activity, as expected. Polysomes are seen to also
be more active with exogenous messenger, even when the data

is corrected for their endogenous synthesis.
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possible that such an effect might be demonstrated if other phos-
phorylated and dephosphorylated ribosomal forms were tested.

Figure 33 shows some characteristics of phosphoryl group
removal from reticulocyte ribosomes by alkaline phosphatase. The
ribosomal proteins were [32p]-1abeled by incubation of reticulocytes
with 32P-orthophesphate (160). The extent of reaction is dependent
upon enzyme concentration and a maximum of 75% of the phosphoryl
groups can be remcved by this treatment. The resistant phosphoryl
groups do not occur on a single protein but rather represent a
resistant fraction on the several phosphoproteins (167). The control
ribosome incubation shows only slight (5-10%) phosphoryl group
removal by a phosphoprotein phosphatase in the ribosome prepzaraticn.
Polysomes and single ribosomes appeared to differ in the kinetics
of dephosphorylation, but I do not know if this result is repro-
ducible.

I have prepared phosphatase-treated ribosomal subunits
and lysate ribosomes treated with both phosphatase and ribonuclease
as described in Materials and Methods. Although these preparations
used different incubation conditions than the standard phosphatase
assay, I have shown in contrcl experiments that the extent of phos-
phoryl group removal is not greatly affected by such differences in
ionic conditions. Therefore, I estimate that 50-75% of the protein

phosphoryl groups were removed in the dephosphorylated ribosome
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Figure 33. Phosphoryl group removal from [32P];labgled ribo-
somes by E. coli alkaline phosphatase. Ribosomes labeled

with 32P in their protein moieties were prepared as described
in Materials and Methods. In panel A 50 pl aliquot of single
ribosomes (S) (40 Angp/ml) was incubated at 37° and 10 ul
samples were removed at the indicated times for acid precipi-
fable 32p determination. The incubations were {(a) control,

0°; (b) control, 37°; (c) 9.4 ug/ml alkaline phosphatase; {d)
94 ug/ml alkaline phosphatase; (e) 470 ug/ml alkaline phos-
phatase. Panel B shows similar incubations with polysomes (P)

(33 Azgo/ml).
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preparations used for assay. The assays to be described utilized a
fractionated supernatant fraction (see Materials and Methods). This
supernatant preparation, which still served efficiently as the
elongation factor and synthetase source, had a reduced protein
kinase activity as assayed by its ability to transfer phosphoryl
groups from y—[32P]—ATP to histone and ribosome substrates. However,
active kinases are also present in the initiation factor preparation.
Figure 34 shows an analyses of protein synthesis in the
fractionated cell-free system by control and dephosphorylated
ribonuclease-treated ribosomes and ribosomal subunits. In each
case phosphoryl group removal diminished the rate of protein
synthesis. In panel B this effect is seen to be greatest at early
time points where the contrcl preparation appeared twice as active.
These experiments must be considered preliminary but suggest that
the ribosome protein phosphoryl groups may be necessary for protein

synthetic activity.



Figure 3. Protein synthesis in the fractionated cell-free
system by control (c) and alkaline phosphatase treéated ribo-
somes (P). The ribeosome preparations used were ribosomal
subunits (panel A) and ribonuclease-treated lysate ribosomes
(panel B). The preparations are described in Materials and
Methods. Alkaline phosphatase treatment to achieve dephos-
phorylation was with 470 ug/ml E. coli alkaline phosphatase,
which should remove greater than 50% of the ribosomal protein
phosphoryl groups. Assay of 0.1 Ajgpn units ribosomes was as

described in Figure 28 and Materials and Methods.
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IV. Discussion

A. Structural Differences between the Subunits of Singl

Ribosomes and of Polysomes

i have prepared ribosomal subunits from rabbit reticulocyte
ribosomes by a puromycin-salt disscciation methcd which has been
used with success by other workers using several qther cell types
(196,202-206). Presvious studies have used unfraqfionated ribosomes
and an important feature of the present studies was the preliminary
fracticnation of ribosomes into active (polysomes) and inactive
forms (single ribosomes). Dissociation of these two ribosome forms
has revealed previously uncharacterized differences between their
subunits. Specifically, I have obtained data showing that the
large subunit of single ribosomes is probably structurally hetero-
geneocus, and is more susceptible to forming unfolded derivative
particles under ribosome destabilizing conditions than is the
polysomal-derived large subunit. Another derivative particle, which
may originate from the small subunit, forms to a greater extent
from dissociated single ribosomes than from dissociated polysomes,
These differences did not appear to be the result of a partial intra-
cellular degradation of single ribosomes, since analysis of the RNAs
of single ribosomes and polysomes gave a similar RNA profile
{Figure 8).

Polysomal-derived small subunits aggregated to a greater

w
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extent in high ionic strength than did the small subunits of single
ribosomes. This subunit dimerization caused problems for the assay
in the fractionated cell-free protein synthesis system. This small
subunit dimerization problem has generally been encountered in
studies cn riboscmal subunits and was not overcome in the present
studies,

Vournakis and Rich (267) have previously‘reported ultra-
centrifigal studies showing size differences between single ribo-
somes and messenger-containing ribosomes. These differences may
have been due to different configurations of ribosomesAcontaining
and lacking mRNA. However, the structural differences reported here
are properties of the individual subunits rather than of the

configuration of the ribosome couple.

B. Ribosomal Subunit Function in Cell-free Protein Synthesizing

§X§tems

I have found that purified ribosomal subunits are active in
two different cell-free protein synthesizing systéms which use
different criteria for activity. I have found the chief advantages
of the lysate system to be the ability to directly observe the amount
of added subunits which enter active polysomes and to compare the
efficiency of these subunits to the endogenous pool of ribosomes
participating in the subunit-polyribosome cycle of protein synthesis.

Greater than 50% of ribosomal subunits prepared by dissociation at
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either high or mederate ionic strength were able to enter polvscmes
and this entry showed the characteristics of normal and efficient
prétein'syntﬁesis.

Other workers have used this experimental design -- the
entry of added radioactive subunits into ribosome classes in a protein
synthesizing lysate in order to study aspects of riboscme function
(55,91,257). However, the percentage of active subunits in the
present investigation was gréafer than that of these previous
studies. Also, the subunits of single ribosomes and of polysomes
have not previously been compared in cell-free protein synthesizing
systems.

Assay of ribosomal subunit protein synthetic activity in
the fractionated system measures the ability of subunits to catalyze
[14C]-L-leucine incorporation programmed by purified globin mRNA.
Protein synthesis by the ribosomal subunits is initiation factor-
and messenger-dependent. Thus, both assay systems measure the
ability of ribosomal subunits to translate natural mRNA, albeit by
different criteria. Previous studies on the activity of purified
pibosomal subunits have used poly(U) assays.  The present work and
recent studies by other workers (265,266,268) extend the criterion
for ribosomal subunits to the ability to translate natural messenger
-~ a process which requires normal initiation of protein synthesis.

Only a small proportion of subunits were active in the
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fractionated cell-free system. This diFferential utilization of
ribosomes by crude and by fractionated profein synthesiziﬁg systéms
is an important point‘to emerge from thesevstudies. Either the
large or small subunit becomes inactivated in the fractionated
system. Melcher and Mach (223) have reported data suggesting that
small subunits are inactivated by the subunit preparative procedure.
My data is consistent with this possibility. For example, the
small subunit fraction often did not stimulate the extent of
synthesis seen with the 608 fraction alone. Furthermore, the
kinetics of entry experiments in the lysate system showed that
added small subunits did not enter polysomes as fast as the endo-
genous pool of native subunits which rapidly reinitiate on poly-
somes (Figure 17). This may be indicative of an activation bhase.
Thus, ribosomes inactive in the fracticnated system may become
activated in the lysate system. The differing efficiencies of
pribosome utilization in these two assay systems may be related

to differing abilities of the components of these systems to repair
"damaged" or inactivated ribosomes.

The nature of this ribosomal damage and possible repair
mechanisms will now be considered. It seems clear that salt dissoci-
ation of ribosomes results in the loss of protein (204). However,
the ribosomal nature of the lost protein has not been characterized,

nor is data available on the stoichiometry of ribosomal proteins on
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salt dissociated animal cell ribosomal subunits. The amount of
protein removed from ribosomes by salf washing increases with
increasing salt concentration; at a given salt concentrationb
fractional release of specific proteins may occur (269,270).
Dissociation procedures may yield a heterogenecus population of
subqnits deficient. in different proteins. If certain of these
fractional proteins are important for ribosome fuyction with natural
mRNA, the subunits would also be functidnally heterogeneous.

My results in the fractionated system show that several
ribosomal species are inactivated by salt treatment and that ribo-~
somal subunits were more active if prepared at moderate rather than
high ionic strength. This latter result is consistent with the
work of Infante and Kraus (258) and of Mechler and Mach (223) who
alsoc showed similar effects of high salt treatment on ribosomal
subunit activity. This activity effect may be due to the protein
loss described above. However, Leader et al; have shown the
efficient translation of viral mRNA by ribosomal subunits dissoci-
ated by a high (0.88M) KCl concentration (268). And Faust and
Matthaei have shown equivalent activities in a poly(U) assay for
ribosomal subunits dissociated by high and moderate iocnic strengths
(204),

Perhaps the crude lysate and the highly fractionated cell-

free systems differ in the ability to reconstitute active subunits
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from protein-deficient particles by a process of ribosomal protein
exchange (271,272) between supernatant ribosemal proteins and the
added ribosémal subunits. However, the existence of ribosomal.
protein exchange has been questioned (273) and this interpretation
of ribosomal repair must be considered speculative. Possibly
relevant to a consideration of riboscmal repair is the existence in
the reticulocyte supernatant of protein kinase and perhaps other
enzymes capable of modifying ribosomes; such activities are present
in only small amounts in the fractiocnated cell-free system as
compared to the crude lysate system.

C. Functional Differences between Polysomal- and Single

Ribosome-derived Subunits

Assay of ribosomal subunits in the fractionated cell-free
system has allowed me to show that polysomal derived subunits are
more active than those derived from single ribosomes. This activity
difference between polysomes and single riboscmes was also seen when
ribonuclease~treated polysomes and ribonuclease-treated single ribo-
somes were assayed and when intact polysomes and single ribosomes

were assayed in the presence of a saturating amount of added globin

g rate-limited at an

e

3

NA, The fracticnated cell-free system

initiation step in protein synthesis.  The activity difference
observed between the subunits of single ribosemes and polyribosomes

musf, therefore, be related to differing abilities to initiate
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protein synthesis on mRNA. Even though the fractionated system is
less efficient in ribosomal subunit utilization, I believe it is
of greater discriminating power in detecting functional differences
between different ribosome classes. By contrast the lysate system
may modify (by the repair mechanisms discussed) added ribosomes,
making difficult the detection of functional differences.

This demonstration of functional differences between
polysomal- and single ribosome-derived subunits, together with the
demonstration of structural differences between these subunits do
not support the model of Kaempfer (67), which suggests that the
subunits of single ribosomes are equivalent to those of polysomes.
Rather, my results show that the subunits of these two ribosome
classes are different in several ways and suggest that the
regulation of ribosome activity may involve chemical and/or
structural changes in the ribosome. Sundkvist and Howard (274) have
recently feported cbmparative assays of ribosomal subunits prepared
from different reticulocyte ribosome preparations. They used the
fractionated protein synthesizing system of Schrier and Stashelin
(265) and did not detect a functional difference between polysomal-
and single ribosome-derived subunits. However, their methodology
was different than that reported here and they did not report
kinetic comparisons of the rate of protein synthesis by their

subunit preparations.



Remaining éuestions concern the subunit localization of the
defect in single ribosomes, thélrelation of the structural and
functional differsnces between polysomes and single ribosomes, the
“mechanism of activaticn and inactivation of single riboscmes, the
relation of the observed activity differences to the quantitative
difference between polysomes and single ribosomes in their comple-
ment of protein phosphoryl groups, and the relevance of these
studies on reticulocyte single ribosomes to the single ribosomes
of other cells.

D. Funetion of Ribosomal Protein Phosphorylation

The preliminary experiments reported here suggest that
ribosomal phosphoryl groups are needed for protein synthetic
activity. Previous studies have failed to detect a need for the
protein phosphoryl groups (167,180), but these studies were subject
to experimental limitations as discussed elsewhere (167). 1In the
present study I could not eliminate the possibility that the de-
phosphorylated ribosomes had been damaged (e.g., pfoteolytically)
by incubation with the alkaline phosphatase preparation. To examine
further the functional aspects of the phosphorylation of ribosomes
will require improvements in the methodology for ribosome dephos-
phorylation and for ribosome assay in highly purified protein

synthesizing systems.
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