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" The capacity to synthesise protein at 37 °C
in a dilute aqueous environment is virtually
half the definition of life."

Nature,b 227,659,(1970),
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ABSTRACT
Selected aspects of the mechanism of protein synthesis
on plant 80S ribosomes were investigated using amino acid

incorporating systems isolated from the plumules of germinated

seeds and the developing cotyledons of Vicia faba (L).

Complete and transfer amino acid incorporating systems
were characterised using ribosomes and enzyme fraction

prepared in a variety of ways.

The soluble fraction obtained from the developing
cotyledons was partially resolved by chromatography on
Sepharose 4B into two complementary fractions required
for peptide chain elongation. Chromatography on
Sephadex~G200 failed to resolve the enzyme fraction into
complementary fractions. Further purification of the
partially resolved fractions was eliminated by the extreme

lability of the fractions.

An attempt was made to demonstrate the synthesis of the
storage globulin, legumin, by a microsomal system from 60
day developing cotyledons. In addition to the expected
[?5 methionyl tryptic peptides a number of additional
fragments were obtained suggesting that peptides other than
the constituent peptides of legumin were synthesised in
the endogenous mRNA directed system. The possible nature

of these products is discussed.

Chromatography on BD-cellulose or DEAE~-cellulose was

used to resolve the tR.NAmet species present in the total tRNA

from developing cotyledons. In both cases two major tRNAmet



iv

species were resolved, one of which appeared to function
as a chain initiator as demonstrated by data from AUG
dependent binding, the AUG dependent reaction with puromycin,
and N-terminal analyses of the products of Poly(AUG), Poly(UG)
or endogenous mRNA directed incorporation. In addition '

BD-cellulose chromatography partially resolved a third

t

tRNAme species probably equivalent to the initiator

tRNA of cell organhelles. Although this system contains an
active transformylase activity, the cytoplasmic initiator
tRNA is not formylatable in contrast to that of animal

and microbial systems,
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ABBREVIAT IONS

The abbreviations, symbols and conventions used in

this thesis are in accordance with the recommendations of

the Biochemical Journal 131 (1973) 1-20, with the following

exceptions and additions:-

hr hour(s)

S sedimeﬁtation coefficient

sec second(s)

TCA trichloréacetic acid

GMPPCP 5' guanylyl-methylene-diphosphonate

Occasional abbreviations have been defined where they

occur in the text.

In addition, the following conventions have been adopted:-

tRNAMet Unresolved mixture of deacylated
methionine accepting tRNA species.
met-tRNA Unresolved mixture of methionine

accepting tRNA species amino-
acylated with methionine

e

Similarly for tRNAT®® and phe-tRNA

met-tRNA, Generalised eukaryotic initiator
tRNA species.

TF1 has been used throughout to denote the eukaryotic amino-
acyl tRNA binding enzyme, and is equivalent to Transferase 1 of
Moldave (1968) the binding enzyme of McKeehan and Hardesty
(1969) and to'T1 of Legocki and Marcus (1970).

TFz has been used throughout to denote fhe eukaryotic
translocase enzyme (ribosomal peptidyl transferase), and is
equivalent to Transferase II of Mcldave {(1268), trﬁnsfer factor
II of McKeehan and Hardesty (1969) and to T2 6f Legocki and

Marcus (1970).

Fl’ Fy and F3 have been used throughout to denote the
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bacterial initiation factors and are equivalent to A, C and B
respectively of Revel and Gros (1966). Since the eukaryotic
initiation factors remain incompletely characterised the
nomenclature adopted by individual workers has been retained

throughout,
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INTRODUCT ION

The biosynthesis of protein can be investigated at a
variety of levels from the in vivo situation using whole

organisms to the in vitro level using the purified components

in strictly defined conditions. - Each level of investigation
recommends itself to the solution of a different type of
problem and each has its associated advantéges and disad-
vantages.

Studies at the whole plant level have been concerned
mainly with the dynamics of protein turnover (Vickery et al.,
1940; Hevesy et al., 1940; and Hall & Cocking, 1966), and
the effect of environmental variables upon the yield 6f total
protein (witness the reviews of McKee, 1958),.

For studies on mechanistic and developﬁental aspects
of protein synthesis, the whole organism has several dis-
advantages. The most insurmountable difficulty is that
presented by'the wide variety of tissue types present, each
characterised by an assortment of specialised cells.
Interpretation in terms of synthesis of specific proteins
by specific cells under strictly defined conditions becomes
impossible and all that can be followed is change in total
protein content, Since the total organism is composed of
such a wealth of cell types each synthesising its own
particular types of protein, the problem of separation and
characterisation of the newly synthesised proteins becomes
immense. It may be pertinent, however, to stress that
despite the vast number of types of protein synthesised by

the different cell types, there is an underlying biochemical

:';' ITp
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unity in that all proteins are synthesised by the same
fundamental mechanism (Crick, 1968) using information stored,
transcribed and translated by a universal process,

The study of both developmental and mechanistic aspects
of protein synthesis requires that substances be supplied
to the system under rigidly specified conditions and the

effect upon the process noted. At the in vivo level

interpretation of the effects of exogenously supplied
substances is complicated by problems of rate-limiting uptake,
subsequent modification and problems of internal concentration
gradients. It may appear at first sight that such difficulties
could be overcome by the use of unicellular organisms,

However, even in this case such problems of uptake and
modification occur, as well as the complexity associated

with a system in which different proteins are synthesised

at specific intracellular sites. However, Peterson &

Torrey (1968) using Fucus embryos found that exogenously

supplied E4C] leucine did not equilibriate with the main
soluble leucine pool before incorporation and that uptake
was proportional to the external concentration, These

authors used studies of F4é] leucine uptake in vivo to

follow protein synthesis following fertilization of Fucus

eggs, However, the results of such studies are confined

to speculation upon the possible sites and role of the newly
synthesised protein, A major disadvantage of using cultures
of unicellular organisms is that resulting from the
heterogeneity of the population with respect to position in

the life cycle, However, using the technique of synchronous



culture (Tamiya, 1966; Pirson & Lorenzen, 1966), a homogeneous
population can be obtained. Although such culturing techniques
are readily available for many unicellular organisms, the

use of such cultures ig vivo has contributed little to our

knowledge of the mechanism of protein synthesis but has found
extensive application in the elucidation of the problems
associated with the sequence of events involved in the timing
of DNA synthesis in the 1life cycle (Cummins, 1969). In vivo
studies have demonstrated that proteins are synthésised de

novo in most, if not all, tissues (von der Decken, 1967), and

that organs preferentially synthesising protein for expért
are characterised by high rates of protein synthesis (Campbell
& Work, 1952). Rapidly growing cells and cells synthesising
storage protéins exhibit high rates of protein synthesis,
whilst organs synthesising proteins for intracellular utili-
sation show only low relative synthetic activities (von der
Decken, 1967).

Knowledée of the reactions involved in protein synthesis

in vivo has been considerably extended by the use of in vitro

amino acid incorporating systems, It appears to be accepted
(with certain reservations) that the in vitro situation will
largely reflect the in !i!é mechanism and the use of in |
vitro systems has made it possible to elucidate to a
considerable extent the reactions involved in the synthesis
of protein and the mechanism whereby protein synthesis is
regulated,

In vitro investigations of protein synthesis can be

conducted at the cellular and subcellular level. The

perfusion technique used in animal systems, whereby an



isolated organ is continually perfused with a physiological
fluid supplemented with a labelled amino acid, together with
all the requirements for its normal metabolic function, has
no simple equivalent in plant systems because of the nature
of the plant conductive tissues. The perfused organs reflect
the activity of the original organ without being affected

by the metabolism of the whole animal and provides a means
of isolating specific functional units. However, this
technique has limited application in mechanistic studies
because of its inherent complexity. The method has been
used with animal systems to elucidate the site of synthesis
within perfused organs of various types of protein, Using
such a technique Miller et al. (1951) demonstrated the
implication of the liver in the syntﬁesis of plasma proteins
and subsequently using a technique of continuous perfusion
of the non-hepatic, caudal part of the rat, demonstrated
that ae-globulin was synthesised in the bone marrow and lymph
nodes (Miller et al., 1954).

The tissue slice systém has been widely used in animal
systems to study the incorporation of amino acids into
protein (Askonas & Humphrey, 1958; Perlmann et al., 1959;
Hultin et al., 1960), As with perfused organs the activity
of the tissue sliceé reflects the activity of the original
tissue independently of the metabolism of the whole animal
and has the advantage that the suspending medium can be more
strictly defined. The technique involves the preparation
of thin slices of tissue which are suspended in a strictly

defined physiologically balanced medium supplemented with



(for the study of protein synthesis) a radioactively labelled
amino acid. The uptake and incorpération into protein of
the labelled amino acid is followed. However, interpretation
of the results of such investigations are often complicated
by such factors as problems of uptake and subsequent modifi-
cation, leakage of enzymes, coenzymes, minerals, and osmotic
uptake of water. It must be stressed that in such systems
it is not always possible to extrapolate from the external
bathing medium to the intracellular environment, Several
investigators have used tissue slices from mammalian sources
to investigate problems of sites of production of specific
proteins, in most cases the protein studied could be detected
by specific techniques which did not require extensive
fractionation and purification procedures, Askonas &
Humphrey (1958) using slice systems from various organs,
investigated tﬁe sites of production of a-globulin and anti-
bodies in immunised rats. The labelled antibodies
synthesised were located by precipitation by their specific
antigens. Perlmann et al. (1959) used agar diffusion
methods (Ouchterlony, 1949) to chéracterise the labelled
antigenic proteins after iﬁcorporation of radioactive amino
acids by liver slices. Hanking & Roberts (1964) used a
slice system to study the effect of intrace11u1a£ levels
of amino acids on rates of protein synthesis and turnover,
There are few recorded instances of slice systems from
plant material, Bailey et al. (1970), using cotyledon
slices for the incorporation of radioéctive precursors into

synthesised protein, in combination with electron-microscope



autoradiography, demonstrated that in Vicia faba, globulin

is synthesised on the rough endoplasmic reticulum and is
transported to the developing protein bodies via the endo-
plasmic reticulum and not across the cytoplasm. Thus, such
a system lends itself to the study of developmental rather
than mechanistic aspects of protein synthesis.

One of the inherent difficulties of the in vivo method,

and of the perfusion and slice techniques, is the heterogeneous
nature of the cell populations. When incorporation of
amino acid is measured it is not certain which of the cell
types are most active in protein synthesis, In order to
minimise the problems of interpretation resulting from the
use of a heterogeneous cell population, attempts have been
made to separate the different cell types in rat liver and
to use these homogeneous cell populations to determine the
sites of synthesis of specific proteins (Perlmann et al.,
1964; Lundkvist et al., 1964), One of the most readily
available homogeneous cell pobulations is the mammalian
reticulocyte, These immature blood cells actively synthesise
protein and possess the great advantage that 80% of the
soluble protein synthesised is haemaglobin whicﬁ is readily
isolated and purified., Dintzis (1961) used isolated reticu-
locytes to study the incorporation of [?46] leucine into
haemaglobin. However, since reticulocytes are incomplete
cells, lacking nuclei, their application is limited to
problems of protein synthesis at the translational level,

A further type of homogeneous cell population is that

presented by excised cells grown in cell culture. Several



tissue culture systems using plant cells have been described
(refer to Street, 1969; Steward et al., 1969). However, it
must be stressed that results obtained from the use of such
homogeneous cell populations cannot be applied without due
consideration to the intact organism from which the original
cells were obtained. A mass of undifferentiated callus
may appear superficially similar to a developing cotyledon in
its early stages. However, in many cotyledons at some
specific point in the development, the synthesis of massive
amounts of storage protein is initiated. Hence, comparison
may be valid before this point but it is no longer possible
to equate the situation in developing cotyledons with that
in cell cultures of the corresponding material,.once storage
protein synthesis has been initiated. . The problems of
uptake, modification, isotopic dilution as well as those of
characterisation of both the medium and the product synthesised
confine the application of such cell cultures to developmental
aspects of protein synthesis (Street, 1969; Steward et al.,
1969).

-In view of the problems associated with the use of EE

vivo and in vitro systems of the various types mentioned,

it would seem that in order to study the regulation of and
mechanism of assembly of amino acids into proteins, it is
necessary to use highly purified preparations of the basic
components, ribonucleoprotein particlgﬁﬁigansfer ribonucleic
acid (tRNA) and soluble enzymes supplemented by a variety of

soluble factors in a strictly defined buffered medium, It

is only by the disruption of the cell and subsequent



fractionation and purification of the components involved
that it is possible to unequivocally equate observed effects
with the presence, concentration, modification etc., of any
factor involved in protein synthesis in the absence of other
explanations involving uptake phenomena etc,

Whilst it must be agreed that our understanding of the
mechanism of protein synthesis has been largely derived from
the use of cell-free systems from micro-organisms, it is
important to understand that subtle distinctions will exist
and it is not possible to directly apply results obtained
with the bacterial system to the cytoplasmic ribosomal
system of eukaryotic organisms. A wide variety of sub~
cellular in vitro systems from both plant (Boulter, 1970;
Allende, 1969) and animal sources (von der Decken, 1967)
have been deséribed. Since protein synthesis in the “
eukaryotic cell occurs at sites other than the cytoplasmic
ribosomes, such systems are classified as "organelle" or
"cytoplasmic", The classification being based on the
organelle (chloroplast, mitochondria, or nuclei) used or
from which the components were derived. Ribosémal systems
have been divided into two broad categories on the basis
of their sedimentation coefficients, Those of the prokaryotic
organisms (Stegeman et al., 1970), mitochondria (Kuntzel &
Noll, 1967), and chloroplasts (L&ttleton, 1962; Boardman
et al., 1965; Sager & Hamilton, 1967) are approximately
70S, whilst the eukaryotic cytoplasmié ribosomes are
approximately 80S. However, there is no sharp distinction

between the types and several exceptions have been described
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(Schmitt, 1969; Morimoto et al,, 1971; Rifkin et al., 1967).
Ciferri & Parisi (1970) point out that organelle ribosomes |
with high sedimentatioﬁ coefficients (80S) show greater
functional similarities with the 708 type.than with the 80S
cytoplasmic type.

A wide variety of amino acid incorporation data using
intact chloroplasts and mitochondria and amino acid incor-
porating systems extracted from these organelles are
described (Boulter, 1970; von der Decken, 1967; Boulter
et al., 1972). The preparation of such systems involves
homogenisatién of the cell, purification of the organelle,
and subsequent isolation of the component involved in protein
synthesis. In the preparation of both types of organelle
the major difficulty is the rapidity with which lysis and
subsequent lack of integrity occurs following homogenisation
of the tissue, and precautions must be taken to ensure the
fastest possible separation of the organelle from the
remaining cytoplasmic matrix.

The study of amino acid incorporation by intact cell-
free organelle preparations is complicated by the difficulty
of isolating.active preparations free of contaminating
bacteria (App & Jagendorf, 1964; Lado & Schwendimann, 1966),
and other organelles and experiments must be rigorously |
controlled to avoid misinterpretation of data.

Studies of amino acid incorporation by chloroplasts
and mitochondria have highlighted the essential similarity
between the mechanism of protein synthesis on prokaryotic

and eukaryotic 708 type ribosomes (Ciferri & Parisi, 1970;
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Bianchetti et al., 1971). The interchangeability of the
components of the bacterial and eukaryotic 70S amino acid
incorporating systems (Ciferri & Parisi, 1970; Morimoto et
al.,, 1971) has been used as evidence of the endosymbiont
hypothesis (Margulis, 1970). Studies on protein synthesis

by organelles involving characterisation of the proteins
synthesised may eventually resolve the problem of the autonomy
of these organelles.

Several workers (refer to Boulter et al., 1972) have
studied the effect of a variety of inhibitors upon émino acid
incorporation by organelle preparations. However, caution
must be exercised in interpreting such inhibitor studies,
since protein synthesis may represent only one of a variety
of interrelated processes carried out by the intact organelles,
the inhibition of any one of which may result in a change in
the amount or type of protein synthesised.

The bulk of the proteins synthesised in a eukaryotic
cell (with the exception of the large sub-unit of Fraction 1
protein in green leaves), are synthesised not in the organelles
but in the cytoplasm, upon free or membrane-bound 80S
ribosomes, and in order to study the mechanism and regulation
of protein synthesis the components must be purified, charac-
terised and their interactions elucidated. Thus, for
mechanistic studies, the end point of which must be a sequential
understanding of the mechanism of protein synthesis on the
80S ribosomes, the cytoplasmic cell-free system remained,
until very recently, unsurpassed. Such systems have been

described from a variety of plant and animal tissues (von der
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Decken, 1967; Boulter, 1970) and contain ribonucleoprotein
particles, tRNA and various séluble enzymes, In all, some
120 different macromolecules are known to be involved in
translation (Lengyel & 8511, 1969). In the presence of a
suitable messenger RNA (mRNA), suéh systems incorporate
radioactively labelled amino:acids into polypeptide material.
Such systems have been used to study developmental (Duffus,
1967; Mascarenhas & Bell, 1969; Payne, 1970) and mechanistic
problems (Lengyel & Soll, 1969). |

For a variety of problems.cell-free systems possess
severe limitations, Most cell-free amino acid systems
described are active for only a limited period of time,
incorporation being complete under standard conditions in
20-30 min, Exceptions have, however, been described, Using
red beet microsomes, Ellis & MacDonald (1967) found that
incorporation continued at a linear rate forﬂl hr , whilst
Payne (1970) using microsomes from developing cotyledons of

Vicia faba describes a complete amino acid incorporating

system, in which incorporation was linear over a period of

2 hr, The more usually reported instability of such systems
probably results from accumulative degradative, struétural
and functional changes in the components taking place during
the incubation period at temperatures of 25-37 °. However,
in some cases it may be that changes in the concentration of
components of the incubation mixture may result in one or
more components becoming limiting and the rate of reaction
will therefore progressively decrease (Boulter, 1970). In

an attempt to eliminate such concentration changes, Coleman
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(1969) has devised a "dynamic'" assay system, A polysome-
tRNA~enzyme mixture is eluted down a Sephadex-G25 column
equilibriated with a radioactive amino acid mixture, GTP and
ATP using a Tris, Mg2+, KCl buffer. The polysome-tRNA-enzyme
mixture is excluded from the gel particles and is in continual
contact with a fresh and relatively constant supply of amino
acids, GTP and. ATP. Whilst at the same time, low molecular
welght degradation products enter the gel particles and .
therefore, move down the column at a slower rate than the
polysome-tRNA-enzyme mixture. Coleman compared E4él-amino
acid incorporation into peptidyl form in a typical "static"

cell-free system from Bacillus amyloliquefaciens to incor-

poration achieved using the same components in a Sephadex
column "dynamic'" system under aspectic conditions, Over a
40 min incubation period incorporation in the '"dynamic"
system was four-fold greater than that in the static system,
Coleman suggests that the tail off in incorporation after
20 min was due to exhaustion of the polysome supply, since
levels of low molecular weight precursors were not limiting,
A severe criticism of the usual static in vitro amino
acid incorporating system is the low overall incorporation
obtained as compared to that obtained in the intact organism.

In most cases the rate barely approaches that found in vivo,

Payne (1970) found that the rate of incorporation of E4€]
' phenylalaniﬁe into peptidyl material in response to endogenous
mRNA by a V. faba cell-free system under standard conditions
was 1% of that found in vivo,

Most tissues lend themselves to some form of homogenisation
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technique but not all yield active amino acid incorporating
systems, The lack of activity probably reflects the activity
of hydrolytic enzymes and inhibitory substances liberated
during the homogenisation technique, and may result from the
rupture of vacuoles, lysosomes etc., in which the enzymes

have been previously isolated from their substrates, There
have been several attempts to reduce degradative activities

to a minimum during the homogenisation technique, the most
popular being the use of nuclease inhibitors. Watts &
Mathias (1967) and Tester & Dure (1966) used bentonite to
selectively agsorb ribonuclease (RNasei during extraction

of plant polysomes. Murthy & Rappopo;t (1965) report that
the incorporation ability of rat brain microsoﬁes and

isolated RNP particles was enhanced when bentonite, an inhibitor
of RNase activity was present during preparation, However,
Lonsdale (1972) found that inclusion of bentonite in the
extraction medium did not inhibit degradation of rRNA during

extraction of polysomes from cotyledons of V, faba. Also,

Tester & Dure (1966) demonstrated that bentonite was capable
of absorbing significant quantities of ribosomes, thus
effectively decreasing the yield.

Two other RNase inhibitors have been described, poly-
vinylsulphate (Moller & Boedtker, 1962) and diethylpyro-
carbonate (Weeks & Marcus, 1969; Andefson & Key, 1970;
Lonsdale, 1972), However, these inhibitors are severely
limited in their application since they inhibit in vitro
ribosomal amino acid incorporation (Weeks & Marcus, 1969).

The RNase inhibitors described above are all non-physiological,
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have a range of effects and are of doubtful general usefulness.
Roth (1956) has described the use of a natural nuclease
inhibitor from rat liver which has been used with some success
in the preparation of polysomes from a wide range of material
(Northup et al., 1966).

Since the use of-RNase inhibitors is not always completely
successful, perhaps the most attractive solution to the
problem of the liberation of degradative enzymes following
homogenisation, is a system whereby homogenisation is
eliminated. Several such systems have been prepared from

bacterial sources; Schaechter et al. (1965) describe a lysate

system from Bacillus megaterium, whilst Scheinbuks et al.
(1969) prepared a cell-free amino acid incorporating system

from Azotobacter vinelandii. Using an osmotic shock technique

to disrupt cells, they showed that 80-90% of the cellular
ribosomes released were in the form of p;lyribosomes. Tissue
from more complex organisms does not lend itself readily to
such techniques because of the difficulty associated with

the cellular structure, as well as that of obtaining homogeneous
cell cultures, However, recent application of the technique
of lysis to reticulocyte preparations by Hunt et al. (1972)
yielded a completely unfractionated system in which the '
initial rate of globin synthesis was close to the steady

state rate in intact reticulocytes, degradation being reduced
to a minimum. No matter how gentle the extraction techniques
may be, the intricate spatial relationship between the cell

and a host of factors present in the intact organism is lost

when the cells are removed from their environment in the
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organism and it must be with caution that findings made in
what may be an artefactual in vitro system, are extrapolated

to the in vivo situation,

The intracellular site of protein synthesis is the
ribosome, However, ribosomes may be segregated into those
which are free in the cytoplasm (free ribosomes) or those
which are attached to the membranes of the endoblasmic reticulum)
membrane-bound ribosomes (mb-ribosomes) (e.g. Palade, 1958;
Campbell, 1960; Moui&, 1964; Blobel & Potter, 1966;
Campbell & Sargent, 1967; Campbell & Lawford, 1967). In
the establishment of a cell-free amino acid incorpofating
system, a choice exists between types of ribosomes to use
and this must be based upon the type of problems to which
the system will be applied. Since cells which secrete large
amounts of protein, e.g. liver, often have most of their
ribosomes bound to membranes, it has been assumed that
protein synthesised for '"export!'" is synthesised on membrane-
bound ribosomes, Table 1 shows the site of synthesis of
a variety of proteins and indicates that ih several cases
mb-ribosomes synthesise proteins distinct from those syn-
thesised on free polysomes. However, it must not be
assumed that all proteins synthesised on mb-ribosomes are
for export. Attardi et al. (1969) showed that 10-20% of
the polysomes of HeLa cells, which-have no apparent sécretory
function, are membrane-bound, whilst Andrews & Tata (1971)
have shown that rat cerebral cortex and skeletal muscle .
have a minimum of 22% and 9% of their ribosomes bound to

membranes, despite the fact that neither are secretory
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TABLE 1.

Differential synthesis of specific
proteins by free and membrane-bound polysomes

. Site of
System Protein synthesis Reference
free mb-
poly-  poly-
somes somes
Rat liver serum albumin - + Campbell et al.
(1960) ;-
Ganoza & Williams
(1969) ;
Redman (1968).
membrane _ + Dallner et al.
protein (1966)5
non-serum + _ Ganoza & Williams
protein (1969);
NADPH-cyto~- X
chrome c + + Ra%?gg;;.fﬁ al.
reductase o
. . Bulova & Burka
Reticulocyte globin + - (1970) ;
non-globin _ + " "
protein
Pancreas amylase - + Redman et al.

(1966).

Results were obtained from ig vitro studies.




tissues. It is likely that in these instances, as in that
reported by Dallner et al. (1966) in rat liver, the proteins
synthesised on such mb—ribosomes.may be involved in membrane
structure, In order to study aspects of the synthesis and
transport of such exported proteins, a system in which the
intimate relationship between membrane and ribosome is preserved,
is essential.

It is unlikely that the relationship between the membrane
and its attached ribosomes is simply a topographical one in
which the ribosomes lie at random on the surface of the
membrane. Redman & Sabatini (1966) have shown that, unlike
free polysomes from both secretory énd non-secretory tissue
which release their nascent proteins into the surrounding
fluid matrix, the nascent protein synthesised on mb-ribosomes
from secretory tissue was released into the lumen of the
microsomal vesicles, indicating some intimate and precise
relationship between the membrane and the attached ribosomes,
A considerable body of evidence now suggests that, when a protein
is not synthesised in situ, an intracellular transport
mechanism involving the endoplasmic reticulum (and in some
instances the Golgi bodies) is involved in its translocation
(for animal systems see Paiay, 1958; Caro & Palade, 1964;
Jamieson & Palade, 1965; Schramm, 1967; Beams & Kessel,
1968; and for plant systems, Bain & Mercer, 1966; Engleman,

1966; Opik, 1968; Bailey et al., 1970). Since vectorial

release of nascent proteins synthesised on mb-ribosomes
does occur, this presents a further problem to the use of

such mb-ribosomes in cell-free systems, especially where
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the end point is the characterisation of the specific protein
synthesised. In this case the protein must be released from
the lumen of the membrane or vesicles before it can be
characterised.

To what extent free and mb-ribosomes do represent
distinct classes of ribosomes is uncertain, The evidence of
Payne (1968) and Payne & Boulter (1969) indicates that the
dramatic inérease in the number of mb-;ibosomes following
the initiation of storage globulin synthesis in V. faba, is
due to a preferential synthesis of new mb-ribosomes, rather
than the attachment of pre-existing ribosomes to membranes.
Both the above workers and O'Neal Nicholson & Flamm (1965)
have, however, demonstrated an increase in free ribosomes"
under conditions of decreased metabolic activity, as a result
of a detachment of mb-ribosomes and not of de novo synthesis.
In contrast, some meristematic cells which are rapidly dividing
have mostly free ribosomes, which are later bound to the
membrane as the cell matures (Whaley et al., 1960). Data
consistent with the idea of a lack of exchange beiween free
and mb-ribosomes comes from observations on the mechanism of
subunit assembly on the membrane, Using mouse myelona
cells in tissue culture, Baglioni et al. (1971) showed that
the 60S large ribosomal subunit binds directly“to the membrane
of the endoplasmic reticulum (ER), probably at a specific
binding site (Sunshine et al., 1571). The initiation complex
between the mRNA, 40S subunit and iﬁitiator tRNA and initiation
factors takes place in the cytoplasm and is apparently

capable of distinguishing between free and membrane-bound
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60S subunits, The nature of the factor(s) responsible for
this specific attachment remainsuncertain 5ut the possibility
cannot be excluded that the specificity may reside in specific
mRNA molecules, That such a specific recognition may occur
between subunits, membrane and possibly mRNA, suggests the
possible dangers associated with removal of membranes from
a system in which protein synthesis is normally a membrane-
associated process,

One of the major difficulties associated with the use
of mb-ribosome or microsome preparations is the heterogeneous
nature of the preparation, Not only are there present the
attached ribosomes and their associated protein and nucleic
acid components, but a wide variety of enzymatic activities
have been shown to be associated with the ER (Dowben, 1969).
It is possible that some of these enzymes oxr factors may bé
stimulatory to protein synthesis by mb-ribosomes and their
removal would significantly reduce the activity of such
preparations, However, others are most certainly degradative.
For the study of the steps involved solely in the elongation
of polypeptide chains in response to a synthetic mRNA
molecule, it is unlikely that removal of ribosomes from the
membrane will have adverse effects; there has been no
reported evidence of a specific association between the
factors involved in peptide chain elongation and the ER.
However, in order to study the synthesis, under the direction
of an endogenous messége, of a specific protein, then a
preparation in which ribosomes and polysomes are attached

to the ER would appear the ideal choice, especially if
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synthesis in vivo occurs on mb-polysomes.

The general procedure for the preparation of microsomes
involves homogenisation of the tissue, removal of debris by
low-speed centrifugation, removal of mitochondria and other
organelles sedimenting at 30,000 x g for 20 min, and sedi-
mentation from the post-mitochondrial supernatant of a
microsomal fraction at 105,000 x g for 60 min (Campbell &
Sargent, 1967). However, this microsomal pellet is
heterogeneous'in nature containing the following constituents:-

(1) fragments of rough-surfaced ER;

(25 fragments of the smooth-surfaced ER;

(3) free ribosomes which are unattached to membranes;

(45 free polysomes which are unattached to fragments
of the rough-surfaced ER.

It is this heterogeneous microsomal preparation which is often
used in the study of developmental aspects of protein
synthesis (Payne, 1970; Redman et al., 1966), since the
proportion of the various classes of ribosomés probably

approximates closely to the in vivo distribution., It should

be stressed that the original scheme of differential centri-
fugation described by Claude (1943) and extended by Hogeboom
et al. (1948), is not applicable té all tissues. Siekevitz
(1962) found-that heart microsomes isolated by this method
showed biochemical properties of both mitochondria and ER.

Care must be taken to fully characterise, by both biochemical
and structural analyses, such preparations before incorporation
data can be meaningful, However, interpretation of amino

acid incorporation data in terms of a specific type(s) of
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particle(s) by such preparations is complicated by the
heterogeneéus nature of the pellet, since biochemical studies
suggest that both the membrane-bound ribosomes and free
ribosomes are engaged in the synthesis of specific proteins.

In rat liver the bulk of the serum albumin has been shown to

be synthesised on mb-polysomes, whilst ferritin was synthesised
on free polysomes (Ganoza & Williams, 1969; Hicks et al.,
1969; Redman, 1969).

Alternative mefhods of preparation are required for the
preparation of homogeneous samples of mb-ribosomes and mb-
polysomes or free ribosomes or polysomes, The free ribosomes
and polysomes in the microsome fraction can be separated from
the bound ribosomes and polysomes by sucrose density gradient
centrifugation, Rosbash & Penman (1971) describe the
separation on a 15-30% sucrose density gfadient of mb-
ribosomes and mb—polyéomes from the free ribosomes and poly-
somes of HeLa cells and have demonstrated that mb-ribosomes
may be classified as '"loosely" or "tightly'" bound, according
to the ease of dissociation from the membrane by EDTA,
puromycin or RNase, Such techniques are useful in impli-
cating the synthesis of a specific protein with a specific
class of ribosomes.,

For the study of steps involved in polypeptide chain
elongation, a wide variety of systems prepared from a range
of tissues having widely different proportions of free or
mb-ribosomes, have been used and in the majqrity of instances
the ribosomes and polysomes have been removed from the

membrane using one of a selection of detergents (Mans &
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Novelli, 1964b; Moldave & Skogerson, 1967; Rich, 1967,
Eisenstadt & Brawerman, 1967a). Littlefield et al. (1955)
employed the detergent, sodium-deoxycholate (DOC) to isolaté
ribosomes etc. from rat liver microsomes, Howe;er, because
of the association with membranes of significant amounts of
nucleases (Lawford et al., 1966; Blobel & Potter, 1966), it
has been found more practicable to liberate ribosomes etc.
from the membranes prior to sedimentation at 105,000 x g.
Campbell & Sargent (1967) suggest that when the microsomal
fraction is treated with detergent in the presence of the
cell sap, an endogenous ribonuclease inhibitor may prevent
polysome degradation. It is essential that excess deoxy-
cholate be removed from the preparation prior to use in
amino acid incorporation systems since deoxycholate is
inhibitory to cell-free systems. Preparations made by the
use of deoxycholate and other detergents, for example,
Lubrol W (Rendi & Hultin, 1960), iso-octane (Hawtry &
Schirren, 1962), Triton X100 (Lonsdale, 1972) , have been
shown to contain free ribosomes; polysomes aﬁd subunits.

It is the use of such still heterogeneous preparations
that has, to a considerable extent, elucidated our present
knowledge of the mechanism of protein synthesis. However,
the precise role which each type of particle plays in
protein synthesis is still unclear. The polysome, a collection
of monomeric ribosomes associated with a strand cof messenger
RNA, which several biochemical studies suggest is located
between the subunits (Moore, 1966a; Takanami & Zubay, 1964;

Takanami et al., 19635), is the active unit in protein synthesis
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(Warner et al., 1962; Warner et al., 19634. Polysomes have
been demonstrated in a variety of tissues énd consist of
ribosomes in the process of translating an endogenous mRNA.

In order to study the synthesis of a specific prdein, it is
essential to preserve polysomes intact and for such studies
gentle extraction and purification techniques must be employed.
The best method of preserving intact the in vivo polysome
profile is that used by Warner et al. (1962) with reticulocytes.
Following gentle lysis in hypotonic buffer,‘it was demonstrated
that a high proportion of polysomes contained 5-6 ribosomes.

The use of polysome preparations to elucidate the steps

involved in peptide chain elongation would appear to be
infinitely preferable to the use of synthetic messengers,

for example, polyuridylic acid (poly(U)), but it, unfortunately,
limited by the extreme lability of sucﬁ preparations. However,
it must be pointed out that results obtained in such studies
would be superior to those obtained in an artefactual

situation,

The role of free ribosomes ;s still confused; it appears
to be now generally accepted that initiation of protein
synthesis involves the formation of an initiation complex
involving the small ribosome subunit, to which the larger subunit
is subsequently joined to produce a functional unit active
in translating the mRNA. After the mRNA has been translated
it appears to ae the general situation that the functional
unit (ribosome) is released and then dissociated into its
component subuﬁits ready for the next round of initiation.

This ribosome cycle will be discussed in more detail later

is



but it poses a problem as to the relative in vivo signifi-
cance and synthetic function of the monomeric ribosome which
has been so widely used in elucidating the steps involved in
protein synthesis, The inference would appear to be that
the monomeric ribosome population which is unattached to mRNA,
represents merely an inactive pool of ribosomal subunits,

The typical '"complete" cell-free ribosomal system capable
of amino acid incorporation has been summarised by Boulter
(1970), and consists of the following components: monovalent
catioﬁ (usually kKt or NH4+), Mg2+, ATP and an ATP regenerating
system, GTP, tRNA's, superﬁatant enzyme fraction, ribosomes
(or microsomes), one or more radioactively labelled amino
acids, and is buffered for autoxidation and for hydrogen ion
content,. In addition, some form of mRNA is essential.

This may be supplied, (a) endogenously as an integral
component of a polysome ﬁreparation; (b) by the addition
of a synthetic polyribonucleotide, e.g. ﬁoly(U) or pély(A)
(Lengyel et al,, 1961; Nirenberg & Matthaei, 1961a); or
(c) by the addition of an RNA fraction which possesées the
préperties and characteristics of mRNA. In the complete
system described above, aminoacylation of the tRNA takes
place during the assay. In the so-called 'transfer system'
a E4CJ or other radioactively labelled aminoacyl-tRNA is
added to the other components listed and the labelled amino
acid and ATP regenerating system omitted. This system
possesses the advantage that fewer radioactive counts need
to be added and investigation of stepsinvolved in peptide
chain elongation can be carried out independently of tRNA

aminoacylation.
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It is now accepted that the process of protein synthesis
in living cells involves two stages, transcription and trans-
lation. The DNA sequence is transcribed into an RNA inter-
mediate, which has a ribonucleotide sequence complementary
with the deoxyribonucleotide sequence of one of the strands
of DNA. In this transcriptional stage the DNA acts as an
informational template whilst the mRNA acts as an information
carrying intermediate or messenger, hence its designation
mRNA, In the translational step, the mRNA attaches to the
ribonucleoprotein particles, the ribosomes, which are the site
of protein synthesis. The mRNA determines the order of
polymerisation of amino acids into protein (Attardi, 1967;
Matthaei et al., 1968; Ochoa, 1968), mRNA is translated
in the 5' to 3' direction (Ochoa, 1968). Hence the synthesis
of a protein is initiated at the amino;terminal amino acid
(N-terminus) and proceeds in a stepwise fashion towards the
carboxy-terﬁinal amino acid (Attardi, 1967; Bishop et al.,
1960; Dintzis, 1961; Matthaei et al.,, 1968; Ochoa, 1968).
Translation begins at a specific group of three adjacent .
nucleotides (codon) in the mRNA and subsequent codons are
translated in a seduential manner, It is the group of three
bases, or codon, which specifies the identity of the amino
acid which is to be attached to the growing peptide chain,
The codons which specify the twenty 'protein' amino acids
have been elucidated and constitute the Genetic Code (refer
to the Cold Spring Harb. Symp. quant. Biol., 1966). The
linear sequence of amino acids which constitute tﬁe primary

structure of a polypeptide chain, possess all the information
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required for the production of the three-dimensional structure
of the native protein molecule (Anfinsen, 1967).
In discussing the mechanism of protein syﬁthesis, it is
convenient to divide the process into:-
(i) amino acid activation and formation of aminoacyl-tRNA;
(iij peptide chain initiation;
(iiij peptide chain elongation;
(ivj peptide chain termination.
It must‘be stressed that the process is, however, normally a
continuous one and its division into arbitrary steps occurring
independently of one another, in no way reflects the situation

in vivo,

(i) Amino acid activation and formation of
- aminoacyl-tRNA

The initial step of protein synthesis proper is the
formation of aminoacyl-tRNA. The formation of the aminoacyl-
tRNA is catalysed by the aminoacyl-tRNA synthetase or ligase
(AA-tRNA synthetase) and has been, until recently, considered
to be a two-step reaction involving activation of the amino
acids by the formation of enzyme-bound aminoacyl-adenylates
(Stulberg & Novelli, 1962; Allende et al., 1966; Cassio,
1968; Rouget & Chapeville, 1968), and transfer of the
aminoacyl-adenylate to a specifié tRNA molecule (trans-
acylation) (Allende & Allende, 1964; Norris & Berg, 1964).
The generally accepted overall reaction may be represented:—

Activation:

Enzyme
N
(1) amino acid + ATP + enzyme ——> faminoacyl - AMP‘ +

P —

pyrophosphate (PPi)



-27-

Transfer: SnIyme
38

(ii) ‘aminoacyl- AMP' + tRNA =——> aminoacyl-tRNA +
“ enzyme + AMP

The overall reaction is usually studied by measuring the
aminoacylation of tRNA by radioactively labelled amino acids.
The initial activation reaction can be studied independently
from the transfexr reaction by the amino acid dependent exchange
Ezéklabelled pyrophosphate EZPPé] with ATP, or by the ATP
dependent synthesis of amino acid hydroxymates (Stulberg &
Novelli, 1962).

Rouget &'Chapeville (1971) suggest this scheme may, in

fact, be an oversimplification of the in vivo situation. These

workers have shown that with leucyl-tRNA synthetase of E. coli

the binding of ATP to the enzyme is the first step of leucine
activation and the binding of the amino acid occurs after the
formation of an enzyme-ATP complex. Using threonyl-tRNA
synthetase, Allende et al. (1970), Berry & Grunberg-Manago
(1970) with lysyl-tRNA synthetase, Parin et al. (1970) with
trytoﬁhanyl—tRNA synthetase, have obtained similar reéults.
Loftfield (1972) however, suggests that recent evidence
throws doubt on the éenerally accepted two-step mechanism.
He suggests that: (1) the physiological concentrations of
enzyme and tRNA and tﬁe association constants of these macro-
molecules suggest that essentially all the enzyme is present
in the cell as Enz. tRNA complex, In the cases of arginine,
glutamine and glutamate, the tRNA-free enzyme is totally unable
to form enzyme bound aminoacyl-adenylates Enz., (AA ~~ AMP);

(2) The reaction of Enz. (AA ~~ AMP) with tRNA in vitro is so
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slow and so incomplete that this reaction fails by a factor
of 100 or 1000 to account for the in vivo esterification of
tRNA or the in vivo rate of protein synthesis; (3) With many
enzyme — tRNA systems, it is possible to obtain amiﬁoacyl-tRNAs
under circumstances where there is no evidence of an Enz. (AA~~~/AMP)
complex, For instance, spermine replaces Mg2+ as a catalyst for |
the esterification of many tRNAs but fails to catalyse ATP:PPi
exchange, Similarly, dATP supports the synthesis of most tRNA
esters, while participating only in the phenylalanine-catalysed
dATP:PPi; (4) Several studies show that the addition of
substrates to.the enzyme must be random, depending only on
the concentration and Kd's (dissociation constants) of the
substrates (because of which the tRNA will generaily add first);
(5) General bases, such as imidazole, ammonia and hydroxylamins,
ali stimulate the esterification of tRNA while being petent
inhibitors of ATP:PPi exchange [snd by inference Enz. (AA ~~ AMP)
synthesis]. Balance studies show that base inhibition of ‘
ATP:PPi exchange and PPi inhibition of tRNA esterification or
amino acid hydroxamate formation cannot result from competition
for the activated amino acid, the enzyme bound aminoacyl-
adenylate.

Loftfield submits, therefore, that the generally accepted
mechanism of tRNA esterification is of doubtful application in
the case of many amino acids, and that although under non-
physiological conditions the synthetases do catalyse the
synthesis of Enz. (AA ~v AMP), that this complex is not ordinarily
an intermediate in protein s&nthesis. He suggests that in the

physiological situation, where the concentrations of spermine
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may be greater than Mg2+, and where almost all enzyme is
associated with tRNA, a concerted reaction in which tRNA, amino
acid, free enzyme and ATP react to form aminoacyl-tRNA, AMP,
PPi and free enzyme with no discrete intermediates, may be
involved. Such a reaction mechanism is represented diagram-
matically in Fig. 1, and explains also the formation of the
amino acid hydroxamate in the presence of hydroxylamine as
involved in the hydroxamate assay:-

NHo0H
Enz. + ATP + AA &— Enz. (AA ~ AMP) ———> Enz. + AA - NHOH.

+ PPi

In every organism in which it has been tested, there
exist at least 20 aminoacyl-tRNA synthetases which link the
correct amino acid to the 3'-hydroxyl (McLaughlin & Ingram,
1964) of the terminal adenosine of a specific tRNA molecule.
In ofder to maintain fidelity of protein synthesis the

AA-tRNA synthetases must maintain a high degree

of specificity (Loftfield & Eigner, 1966; Novelli, 1967;
Peterson, 1967). Specificity must be exhibited at the level
of amino acid aétivation, as well as in the transfer step,
although specificity at the latter is higher than at the former.
Using material from E. coli, it was shown besides activating
their cognate amino acids, isoleucyl-tRNA synthetase activates
valine, and valine-tRNA synthetase activates threonine (Baldwin
& Berg, 1966; Bergmann et al., 1961; Hirsch & Lipmann, 1968).
These 'wrong' amino acids are not then transferred to the tRNA.
Loftfield (1972) suggests that in such cases the 'mistakes'
may result from-allosteric effects, resulting from non-
physiological conditions, The isoleucine enzyme of Bacillus

stearthermophilus catalyses the attachment of valine to
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Fig,.,l1, A schematic representation showing how tRNA, amino acid
and ATP react to form aminoacyl-tRNA, AMP and PPi, It is
proposed that a metal ion (M2+) bound tightly through a protein
sulphur assists in orienting the substrate and delocalising
developing charges, The 2'~0H of the tRNA serves as a general
base accepting the proton from the 3'-0OH of adenosine, The now
very nucleophilic 3'-0” of the adenosine attacks the amino acid
carboxyl, displacing an oxygen to theo{~P - of ATplin turn
forcing the release of the F’\‘ P's as MgP2072—. The reaction
is fully reversible so that exogenous EzP] PPi may become '
incorporated into ATP, In the event that NHZOH occupies the
M2+ site, the same series of reactions oécur, with the concerted

formation of amino acid hydroxamate, AMP and PPi, however, in this

case, fhermodynémic considerations make the reaction irreversible,

(Reproduced from Leftfield (1972) by kind permission of Academic Press),
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tRNAIle at extreme temperatures (Arca et al., 1967) or in 3M

urea or 10% ethanol (Arca et al., 1968).

Althoﬁgh regarded then as being generally highly specific,
these enzymes do show a much reduced specificity against amino
acids not normally present in the cell. Azetidine-~2~-carboxylic
acid, a lower homologue of prdline, is activated and transferred
to tRNAPro by prolyl-tRNA synthetases from rat liver (Atherly
& Bell, 1964), E, coli (Fowden & Richmond, 1963) and mungbean

(Peterson & Fowden, 1965), However, in Convalaria and

Polygonatum, where azetidine-2-carboxylic acid occurs naturally,

the enzyme distinguishes between the two compounds and
azetidine-2-carboxylic acid is not incorporated into an amino-
acyl-tRNA compound, Such findings may be correlated with the
in vivo toxicity of this compound to mungbean, where it is
incorporated into proteins in place of proline, but not ke

Polygonatum. In other cases, amino acid homologues either

bind to the enzyme or form aminoacyl-adenylates without being
esterified to tRNA. Thus, 2-amino-4-methylhex-4-enoic acid,

a homologue of phenylalanine occurring naturally in Aesculus

Phe

californica, inhibits the formation of Phe-tRNA to the

point of toxicity in microorganisms (Anderson & Fowden, 1970),
while it is only activated but not transferred to tRNA by the

Aesculus californica system. There is only one reported

instance of a D-amino acid (D-tyrosine) being attached to a
tRNA (Calender & Berg, 1966); this is"thoroughly documented
and must, therefore, be accépted.

Specificity between synthetase and tRNA from the same

organism (i.e. homologous system) is very high; however,
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misrecognition between enzyme and tRNA has been observed in
heterologous systems. Since Doctor & Mudd (1963) studied the
cross reaction between synthetases and tRNAs frbﬁ E. coli,

yeast and rat liver, and showed that both homologies and
differences existed between species, several workers have
investigated the species specificity of plant synthetases.

Using purified valyl-, phenylalanyl-, and leucyl-tRNA synthetases
prepared from yeast and E. coli, Largerkvist & Waldenstrgm
(1964) studied aminoacylation of tRNAs in the heterologous
systems. The yeast enzymes all charged E. coli tRNA,

although the leucyl-tRNA synthetase would only charge 60% of

the E. coli tRNA compared with the homologous enzyme. in
contrast, of the three E. coli enzymes, only the valyl-tRNA
synthetase would aminoacylate yeast tRNA, The possibility
should not be excluded that it was mitochondrial derived
synthetases from yeast which aminoacylated the E. coli tRNA,

and it was mitochondrial tRNAval that was charged by the E. coli
enzyme, Barnett and co-workers (Barnett, 1965; Barnett &
Epler, 1966; Barnett & Brown, 1967; Barnett et al., 1967)
demonstrated that phenylalanyl-tRNA synthetase from the -

mitochondria of Neurospora and from E. coli were interchangeable,

whilst the cytoplasmic Neurospora synthetase was specific for

phenylalanine only with the homologous tRNA and aminoacylated
both tRNAval and tRNAAla from E. coli with phenylalanine, It
has been generally assumed that whenever free interchange of
synthetases and whole tRNA preparations have been reported,

fidelity of acceptor tRNA is maintained; the work of Barnett

et al, cautions against such assumptions.
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Species specificity in the synthetases of higher plants
has been less thoroughly investigated. Ermokhima et al, (1965) ,
using crude preparations of synthetases and of tRNA from pea,
yeast and algae, showed that whilst there was little species
specificity for tRNAPhe and synthetases, the tRNAMet and
enzymes from pea and algae, though themselves completely inter-
changeable, could not effectively replace the yeast components;
mixed systems resulted in only 40-50% of the charging obtained
with the homologous system. Moustafa (1966) showed that the
enzymes from pea seed and wheat-germ catalyéed aminoacylation
with homologous tRNA faster than with heterologous tRNA and
that tRNA aminoacylated with lysine in the presence of lysyl-
tRNA synthetase from one organism would not accept further
lysine in the presence of the enzymes from- the other, although
both enzymes were chromatographically distinguishable on
calcium phosphate gels.

One of the main problems still unresolved at the present
time is specificity of aminoacyl-tRNA synthetases with respect
to isoaccepting tRNA molecules (i.e. different tRNA species
accepting the same amino acid). It is not known whether in
an organism having a number of isoaccepting tRNA molecules,
there is an equivalent number of specific synthetases.

There are six different leucine-accepting tRNA species in
soyabean, each of which may have a Specific synthetase activity.
Anderson & Cherry (1969) found that while soyabean cotyledons

Leu species -aminoacylatable with homologous

contained six tRNA
synthetases, only four major leucyl-tRNA species are found

when a homologous hypocotyl system was used, although there
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were traces of the other two (leucyl-tRNAs and leucyl—tRNAG).
These two isoaccepting species were, however, more readily

acylated by means of cotyledon synthetases, In contrast, the

Leu

hypocotyvl synthetase did not acylate cotyledon tRNA5 and
tRNAIG"eu . The differences could not be correlated with

differences in the amounts of mitochondria or other organelles
between the two tissues. The leucyl-tRNA synthetase activity
of soyabean cotyledon has now been resolved by Kanabus & Cherry
(1971), into 3 fractions. One of these fractions exclusively

aminoacylates tRNAI5‘eu and tRNAIé'eu

s, Whilst the remaining two
aminoacylate the other four tRNAs equally well, Since the
former fraction is absent f£rom the hypocotyl it may be concluded
that not only does soyabean contain three leucyl-tRNA
synthetases but also that they display a considerable degree of
organ specificity.

A number of workers (Kelmers et al., 1971; Shugart &
Novelli, 1971; Gillam & Tener, 1971) have described and
resolved chromatographically separabie isoaccepting tRNA species,
however, Sueoka & Kano-Sueoka (1970) point out that the number
of chromatographically separable tRﬁA species capable of
accepting a particular amino acid may be misleading, since not
all may be able to transfer the amino acid into protein. It
is suggested that artefacts of preparation and chromatography
may result in aggregation or modification of the tRNA molecules
such that the acceptor capacity remains unimpaired, but the
ability to donate the amino acid is lost.

It appears to have been generally accepted, despite a lack

of concrete evidence, that the codons (i.e. the sequence of
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three bases in the mRNA which specify a particular amino acid)
used by higher plants are the same codons used by microorganiéms.
B asilio et al. (1966) demonstrated that the amino acid codons
recognised by wheat—gérm ribosomes directed by uridylic—rich
polynucleotides coincided almost perfectly with those reported

for E, coli.

The structure of tRNA and its interaction with the
synthetases has been extensively reviewed (Miura, 1967; Holley,
1968; Mehler, 1970; Chambers, 1971; Jacobson, 1971). The
tRNA molecules are all approximately the same size, céntaining
between 75-80 nucleotides. Since they co-crystallise easily
they must have a similar shape (Blake et al., 1970) and the
distance from the anticodon to -C-C-A terminus musf be almost
identical for all species.

Despite numerous efforts to elucidate the recognition
sites, i.e. those atoms or groups of atoms that inform the
activating enzyme that a tBNA is specific for the correct
amino acid, it now appears that no one atom, nucleotide or
group of nucleotides is essential to recognition but that
almost all are involved. It is now obvious that the minor
(or rare) bases play no general determinative role in enzyme
tRNA recégnition (Loftfield, 1972). Crame%%?%%ea) describe
numerous experiments which show that, except for the anticodon
and the terminal adenosine, the vast majority of bases are
sequestered, protected from chemical attack, Loftfield (1972)
argues that, whatever structure should be established, tRNA
is a molecule whose outer surface is a monotonously repeating

series of ribose and phosphate with most of the bases directed
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inwards and that, with the exception of the anticodon, there

are no exposed bases that are not common to all or many tRNAs.
Since the anticodon can be deleted or modified without modi-
fication of the amino acid specificity (Bayev et al., 1967;
Yoshida et al., 1968), it is unlikely that it is involved in
tRNA-enzyme recognition. It appears, therefore, that the
specificity with respect to synthetase recognition is the

result of interaction of all those parameters which determine

the tertiary structure of the molecule, Changes in the physical
properties of tRNA which may modify its texiary structure can
alter its interaction with the synthetase enzymes. Cramer

et al. (1968) and Schlimme et al. (1969), report that temperature

Ser from yeast shows a marked

dependent Aminoacylation of tRNA
drop at 39°, which is not due to denaturation of the enzyme

which occurs only at 45° and above, The recently published
x-ray crystallographic data of Kim et al, (1973) on the three-

Phe from yeast will perhaps

dimensional structure of tRNA
resolve the problems associated with the mode of action of
this molecule. The polynucleotide chain has a secondary
structure which is consistent with the cloverleaf conformation
of Holley (1968); however, its folding is different from that
proposed in any model (Cramer et al., 1968; Levitt, 1969;
Connors et al., 1969). The molecule is made of two double-
stranded helical regions oriented at right angles to each
other, in the shape of an L. One end of the L has the -CCA
acceptor; the anticodon loop is at the other end, and the
dihydrouridine and TWC loop form the corner, The CCA stem

projects out and appears free from contact with the rest of

the molecule, It is postulated that this stem may be capable
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of changing its orientation and such an effect may be important
during the process of protein synthesis. However, elucidation
of the tertiary structure of tRNA has not yet revealed the
relationship between the molecules structure and function,
Evidence from differential inactivation of synthetases
suggests that the activation and transfer functions of AA-tRNA
synthetases may be in some wa& separable and may involve
different enzymatic sites (Cassio, 1968; Papas & Mehler, 1968;
Yaniv & Gros, 1969). In contrast, Yarus & Berg (1969),
Helene et al. (1971) have suggested an interaction between the
two catalytic sites-of these enzymes.
The ribosome is the site at which amino acids are polymerised

to form protein both in vivo and in vitro (Littlefield et al,,

1955)._ As mentioned earlier, two different size classes of
riboéomes exist: 70S which occur in prokaryotic organisms,
mitochondria and chloroplasts; and 80S which occur in the
cytoplasm of eukaryotes, Separation of ribosomes into these
board groups is convenient though arbitrary. The ribosome
consists of two unequal subunits; 30S and 50S in 70S ribosomes
(Tissieres & Watson, 1958), and 40S and 60S in 80S ribosomes
(Chao, 1957). The smallér subunit of the 70S type ribosome
contains a éingle molecule of 16S RNA and about 20-30 structural
polypeptide chain; whilst that of the 808 type contains a
single 18S polyribonucleotide chain and about 60 structural
polypeptide chains (Spirin, 1969). The large subunit of the
70S ribosome contains two molecuies of ribosomal RNA (rRNA),
23S and 5S and 40-43 polypeptide chains of structural riboéomal
protein. The 60S subunit also contains two molecules of rRNA,

28-30S and 5S and about 100 structural polypeptide chains
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(Spirin, 1969).

Both 70S and 80S type ribosomes perform essentially the
same function in protein synthesis, suggesting that the general
features of structure have been preserved irrespective of
differences in size and chemical composition, Only the complete
ribosome, consisting of both large and small subunits, can bring
about the process of translation. Neither of the ribosomal
-subunits individually can replace the complete ribosome in the
synthesis of polypeptide chains (Gilbert, 1963a; Pestka &
Nirenberg, 1966). However, Shakulov et al. (1962) pointed
out that the formal integrity of a ribosome, as esfablished by
physical methods, does not always serve as a criterion for
functional activity of a ribosome, Kucan (1966) showed that
even a single break in rRNA within a ribosome is sufficient to
render it inactive in protein synthesis,

Although translation is a function of the complete
ribosome, certain specific functions can, in fact, be assigned
to the subunits. A region on the small ribosome subunit is
known to interact with the template polynucleotide (mRNA)
(Takanami & Okamoto, 1963¢5 Okamoto & Takanami, 1963; Déhlberg
& Haselkorn, 1967). The small ribosome subunit has a specific
aminoacyl-tRNA biﬁding site (Matthaei et al., 1964; Suzuka
et al., 1965; Kaji & Kaji, 1966 ) and, as described later, it
possesses the specific "adherence.sites", to which the initiation
factors and initiator tRNA bind (Eisenstadt & Brawerman, 1967b;
Nomura & Lowry, 1967; Hille et al., 1967), Since interaction
of the small ribosomal subunit with GTP gives it competence to
bind the initiator tRNA, it is likely that there is a specific

region on the small subunit capable of recognising GTP
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(Lipmann et al., 1967; Lucus-Lenard & Lipmann, 1967). One

of the flattened surfaces of the small ribosome subuﬁit must
possess a special affinity for a definite surface of the large
ribosomal subunit which allows them to associate into a complete
ribosome. This contacting surface must bear groups which
selectively bind the large subunit into the specific functional
conformation, There is indirect evidence in favour of binding
by interaction between both rRNAs (Marcot-Queiroz & Monier,
1965a, b; Moore, 1966b) and ribosomal proteins (Morgan et al.,
1963; Z;k et al,, 1966; Tamaoki & Miyazawa, 1967). However,
the possibility remains that the subunits are held together by
the participation of peptidyl-tRNA, which is probably positioned
in the translating ribosome on the border between the units
(Schlessinger et al., 1967).

Spirin (1969) suggests that the complexity of the protein
component of the iarge subunit has a direct relation to the
formation of the important functional centres localised
thereupon. The large subunit bears the site of '"non specific"”
binding of tRNA which is a loose association of tRNA in the
absence of mRNA (Cannon et al., 1963; Cannon, 1967). A
definite small fraction of structural ribosomal protein has
been implicated in this binding (Spirin, 1969; Raskas &
Staehelin, 1967). If the functioning ribosome, synthesising
polypeptide, is.dissociated into the constituent subunits,
then the peptidyl-tRNA remains firmly bound on the large
subunit (Gilbert, 1963b), suggesting that the site of
peptidyl-tRNA-binding site (P site) is on the large subunit.
Cannon (1967) has shown that this éite is identical to that

involved in '"non-specific'" binding of aminoacyl-tRNA, and it
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is this site which carries out the function of holding and
appropriately orientating the growing peptide; attached to
tRNA in a translating ribosome. It has been shown that the
large subunit possesses the peptidyl-transferase enzyme involved
in peptide bond formation, and that the peptidyl-transferase
centre is an integral part of the subunit structure (Traut &
Monro, 1964; Rychlik, 1966; Zamir et al., 1966; Monro &
Marcker, 1967; Monro, 1967). It is most probable that this
activity resides in a protein component of the large subunit.
As will be amplified later, the 50S subunit participates in
the formation of a GTP-ase centre, in combination with the
transfer factor G, and the 30S subunit.

The function of the 5S RNA, which is bound to the 23S
RNA by four proteins (Mon\ar , 1972), remains uncertain but
Comb & Sarkar,(1967) suggest it is involved in stabilising the
association between-the large and small subunits, whilst
Forget & Reynier (1970) suggest a purely structural role.
Erdmann et al, (1971) ﬁave shown that reconstituted ribosomes
in which the 5S RNA has been omitted, are deficient in
(a) polypeptide synthesis; (b) peptidyl transfer; (c) I?H]—
UAA dependent binding of Ry termination factor; (d) G-
dependent l?H]-GTP binding; (e) codon directed tRNA binding
as assayed in the presence of 368 subunits,

Numerous investigators have studied the structure and
arrangement of rRNA and protein in the ribosomes in attempts
to elucidate more precisely the role of the various components
in the process of protein synthesis (Nanninga, 1963; Cotter

et al,, 1967; Malkin & Rich, 1967; Peterman & Pavlovec, 1969).
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The structure of the ribosome is generally assumed to be a
slightly prolate ellipsoid of revolution, the most characteristic
feature of which is the presence of a groove perpendicular to
the long axis which divides the complete ribosomes (as seen

in the electron microscope) into the two equal parts corres-
ponding to the subunits. “The shape of ribosomes is universal
and does not vary from species to species. Cox & Bonanou
(1969) suggest that the helical regions of rRNA are arranged
on thé inside and outside of the ribosomal subunits, and are
linked by the single stranded non-helical regions. The proteins
are associated with the non-helical regions of the rRNA, and
their location is specified by the nucleotide sequence of the
rRNA (Osawa, 1968; Cox & Bonanou, 1969). Nomura et al.
(1968) showed that alteration of only 6-8 bases of the 16S
RNA b& nitrous acid, in the absence of any degradation,
resulted in rRNA that could no longer form a functional 308
subunit with 30S ribosomal protein, However, the persistence
of 708 and 80S ribosomes as distinct structural entities

after extensive hydrolysis of the RNA moiety indicates the
importance of protein:protein interactions in maintaining the
secondary structure of ribosomes (Santer, 1963; Cox, 1969),
despite complete loss of synthetic activity, The inacceséi—
bility of a segment of mRNA of about 25 nucleotides length
(Takanami & Zubay, 1964; Takanami et al,, 1965) and the
protection of about 30-35 amino acids of the gréwing poly~-
peptide chain from proteolytic activity (Malkin & fich, 1967),
suggests that the site at which peptide bond formation and

polypeptide elongation occur is a protected region within the
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ribosome, This has been assigned to the cleft between the
two subunits in the functional ribosome (Spirin, 1969),

The ribosome has been described as the "work benéh" for
protein synthesis, but it should perhaps be stressed that it
carries out its function in protein synthesis in association
with the othexr components of the protein synthesising system,
The so-called "transfer factors" involved in peptide chain
elongation and the three initiation factors may be present in
a permanent, albeit, labile association with the ribosome,
whilst the polynucleotide template and the aminoacyl-tRNAs
are only temporarily associated with it during the process of
functioning, During the course of translation, the ribosome
does not accommodate the entire mRNA, but draws it, in a step-
wise fashion, from one end to the other, at each given moment
being bound to only a discrete section of the template
(Watson, 1963; Warner et al., 1963b; Gierer, 1963; Nell
et al., 1963; Sprin, 1962). Simultaneously with the drawing
of the mRNA through the riﬁosome, the polypeptide chain is
synthesised. The ribosome translates the information encoded
in the form of the linear sequence of bases of the mRNA chain,
continuously being displaced relative to this chain (Spirin,
1969) .

(ii) Peptide chain initiation

Thé mechanism of polypeptide chain initiation on 70S
microbial ribosomes has been clearly established for several
years and is summarised in Fig. 2.

The original implication of methionine in bacterial poly-

peptide chain initiation came from the work of Waller (1963),
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Fig.2. The mechanism of protein synthesis on the 70S

microbial ribosome.
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Mechanism of protein synthesis on the 70s microbial ribosome.
Initiation
1, 2: Dissociation of monomer into native subunits requires initiation factor F, (dissociation
factor DF), which also promotes binding of mRNA to jos subunit. ‘a’ and ‘p° indicate relative
positions of aminoacyl- and peptidyl-sites respectively.
3: Formation of initiation complex requires factors F, and F,, GTP and f-met-tRNA,

The latter is shown entering directly into the ‘p’ site, alternatively it may enter the ‘a’ site and
then move to the ‘p’ site.

4: Functional ribosome formed by addition of 50s subunit; initiation factors released.

Chain elongation
5: Transfer factors T, and T, and GTP required for binding of aminoacyl-tRNA in ‘a’
site.

6: Peptide bond formation requires peptide synthetase (peptidyl-transferase) thought to
be a function of the ribosome.

7: GTP and transfer factor G are required for displacement of discharged tRNA and trans-
location of peptidyl-tRN A to the ‘p’ site. Although often referred to as the ‘translocase’, factor
G appears to promote the release (uncoupled from translocation) of the deacylated tRNA
molecule from the ‘a’ site, while translocation per se scems to be a function of the 50s subunit
(Roufa, Skogerson & Leder, 1970; Tanaka, Lin & Okuyama, tg71; however, cf. Lucas-
Lenard & Haenni, 1969).

8: Chain elongation proceeds by repetition of steps 5, 6 and 7.

Chain termination
9: Requires release factors R;, Ry and S.

Reproduced from Boulter, Ellis and Yarwood
(1972), with permission.
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who found that the N-terminal amino acids of most g. coli

proteins appeared to be restricted to methionine, alanine and
serine, accounting for 45%, 30% and 15% respectively, of the
total N-terminal residues; desﬁite the-fact that methionine
constitutes only 3% (Sueoka, 1961) of the total amino acid
composition of E. égli proteins. | Over 60% of the methionine
residues attached to E. coli tRNA have their a~-amino group
formylated and no other N-~formylated aminoacyl-tRNA has been
described (Lengyel & Sgll, 1969). There are two methionine

accepting tRNAs in E. coli designated tRNAF and tRNA both

M?
are aminoacylated by the same synthetase enzyme (Heinrikson

& Hartley, 1967). Methionyl-tRNAF (Met—tRNAF) can be formylated
by a supernatanf enzyme, methionyl-tRNAF transformylase
(Dickerman et al., 1967) using N'O-formyl tetrahydrofolate as
the formyl donor (Adams & Capecchi, 1966; Dickerman et al.,
1967; Marcker, 1965),. The formylation of the a-amino group

of methionine occurs after esterification by tRNAmet

(Marcker
& Sanger, 1964). Methionyl—tRNAM (Met-tRNAM) cannot be
formylated (Clérk & Marcker, 1965; 1966b). .The tRNAF has
unusual base pairing near the 3' and 5°' eﬁds (Dube et al.,
1968), which distinguishes it from all other tRNAs whose

sequences have been determined.

Met-tRNAM has been shown to bind to E. coli ribosomes in
2+

the presence of the trinucleoside diphosphate, AUG; the Mg
optimum for this binding, like that for other tRNA binding,
is 25 mM. Met-tRNAF and formyl methionyl-tRNAF (f-met—tRNAF)

are bound to ribosomes by the triplets AUG, GUG, and, less weil,

+
by UUG. This binding is optimal at 10 mM Mg2 . Both the



-4 5~

low magnesium ion concentration and the degeneracy (i.e.
recognition of both the normal methionyl codon, AUG, and
recognition, when placed N-terminally, of GUG, the codon
normally specifying valine within a peptide chain) are unique
features of tRNAF (Clark & Marcker, 1966a; Kelloég et al.,
1966; Sundararajan & Thach, 1966; Ghosh et al,, 1967).

Both f-met—tRNAF and met-tRNAF can donate methionine iﬁto
trichloroacetic acid (TCA) insoluble polypeptides at 10 mM Mg2+

in response to the synthetic random messengers, poly (UG) or

poly (UAG), in an E. coli in vitro systenm, The formyl

methioniné and methionine occupy exclusively N-terminal positions.
However, met—tRNAM can also donate methionine into polypeptides
in response to random poly (UAG) and this methionine is found
only in internal positions (Clafk & Marcker, 1965; 1966a).

The RNA of bacteriophage fz and R17, acting as a meséenger,
directs the synthesis of at least three virus-specific proteins

in an E. coli in vitro system (Capecchi & Gussin, 1965;

Nathans et al., 1962), Each of these proteins has N-formyl
methionine as the N—ferminal amino acid (Adams & Capecchi,
1966; Webster et al., 1966; Vineula et al., 1967; Lodish,
1968), indicating the implication of f—met-tRNAF in chain
initiation using natural messengers. The dependence of fz
RNA-directed in vitro protein synthesis by extracts of
Trimethoprim (an inhibitor of dihydrofolate reductase, Burchall
& Hitchings, 1965) treated cells on f-met-tRNA was shown by
_Eisenstadt & Leng&l (1966), who showed that fz RNA-directed
protein synthesis was depéndent upon added f—met—tRNAF'or

Nlo-formyl tetrahydrofolate. This dependence was found only
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at low Mg2+ concentration (4-8 mM); at higher Mg2+ the
incorporation was only partially 6r not at all dependent on
:l:‘-met-tRNAF (Kolakofsky & Nakamoto, 1966). Capecchi (1966),
using a cell-free extract of E., coli in thch protein synthésis
was directed by an endogenous mRNA, demonstrated that one
f-met residue was incorporated per 150 amino acid residues

and that formyl methionine was the only formylated amino acid.
Thus, there appears to be substantial evidence for the impli-
cation of :f—met--tRNAF in chain initiation in bacterial systems
under physiological conditions (i.e. low magnesium ion
concentration).

In a consideration of the steps involved in chain initiation
it is convenient to accept the basic, but somewhat controversial,
premise that two ribosome binding sites exist. The acceptor
or aminoacyl site (A site) and the donor of peptidyl site
(P site). Binding of amiﬁoacyl-tRNA to the A site is inhibited
by the éntibiotic tetracycline (Gottesman, 1967), whilst
puromycin, an analogue of the terminal aminoacyiadenosine part
of aminoacyl-tRNA (Gilbert, 1963b) can react with peptidyl-tRNA
present in the P site (Morris & Séheet, 1961), giving rise to
peptidyl-puromycin and releasing free tRNA (Monro et al., 1967).
Hence, it is possible to distinguish between different tRNA |
kinding sites on the ribosomes by judicious use of such anti-
biotics.

Initiation of natural mRNA in E. coli has been shown to
require the presence of at least three protein factors,
designated Fl’ F2 and F3, or A, C and B respectively (Brawerman

& Eisenstadt, 1966; Eisenstadt & Brawerman, 1966; Revel &
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Gros, 1966; Stanley et al., 1966; Salas et al., 1967).
Unfortunately, the different factors isolated by the different
groups do not appear to bear any simple relationship to one
another. Stanley et al. (1966) recover their initiation
factors from the supernatant fréction of ribosomes washed in
high salt (0.5-1.0 M ammonium chloride), and these factors are
not normally present in the supernatané enzyme fraction.
Eisenstadt & Brawerman (1966) obtain their factors from the
supernatant fractions, whilst factors B and C of Revel & Gros
(1966) are associated with a DNA-rich fraction of a crude
extraét. Initiation factors are, however, most frequently
obtained from the supernatant after washing ribosomes with

1.0 M-ammonium chloride. The crude wash fraction has been
resolved in three components, Fy, Fy and F,, which are
essential for translation of mRNA with initiator codons at low
Mg2+ concentration,

The initial step in polypeptide chain initiation is the
binding of mRNA to the 'native' (see later) 30S subunit. The
binding of mRNA to the 30S subunit is dependent upon the
presence of the initiation factors, Fy and F3 (Sabol et al,,
1970), and is independent of Fz. Greenshpan & Revel (1969)

implicate Fo in mRNA binding; however, Sabol et al. (1970)

suggest that such an activity of F2 was the result of contaminating

impurities or was due to non-specific interactions.

In the presence of initiation factors F, and F,, and
GTP, f—met-tRNAF is bound to the mRNA-30S subunit to form
complex I (Allende & Weissbach, 1967; Anderson et al., 1967;

Eisenstadt & Brawerman, 1967b; Herschey & Thach, 1967;
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Lucas —Lenard & Lipmann, 1967; Nomura & Lowrey, 1967).
The initiation complex I can be retained on Millipore-filter'
(Lengyel & 8311, 1969). 5'-Guanylyl-methylene-diphosphonate
(GMPPCP), a GTP analoéue having a methylene bridge between the
P and 1: phosphorus atoms and hence not enzymatically cleaved
into GDP + Pi (Herschey & Monro, 1966), can substitute for the
latter in the formation of complex I kAnderson.gE al., 1967;
Mukundan et al., 1968), indicating that GTP cleavage does not occur
during the formation 6f complex I. The complex I formed in
the presence of GMPPCP is stable to filtration through a
Millipore filter, but largely dissociates in the course of
centrifugation through a sucrose gradient (Kondo et al., 1968),
The precise ribosomal site at which f—met-tRNAF is .
initially bound is still uncertain; unlike other aminoacyl-
tRNAs, it may enter the P site directly or it may enter
initially at the A site and be subsequently translocated to
the P site, Bretscher (1969) suggests that since f—met-tRNAF
and met—tRNAF bound to ribosoﬁes with the triplet AUG at
10 mM magnesium, yielded formyl-methionyl-puromycin and methionyl-
puromycin respectively with puromycin (Bretscher, 1966;
Bretscher & Marcker, 1966), the f-met-tRNA, can ent er directly
at the peptidyl site, Bfetscher suggests that the dual coding
of AUG and GUG for f-met—tRNAF may be a feature of the P site,
whose codon-anticodon recognitioﬁ may be less specific than
in the A site and may be a device whereby GUG (a codon for
valine) does not get confused with formyl-methionine and why

AUG does not code for f—met—tRNAF in the interior of poly-

peptide chains, However, the above work does not exclude the
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possibility that f-met-tRNA_ enters initially at the A site,

F
Ohta et al. (1967) have demonstrated that f-met—tRNAF in
initiation comple# I formed in the presence of GMPPCP, does
not react with puromycin, suggesting that the initiator tRNA
is not bound to the P site under these conditions, Furthefmore,
tetracycline was found to block the binding of f-met-tRNAF to
ribosomes in the presence of GTP, mRNA and initiation factors
(Sarkar & Thach, 1968), indicating that f-met-tRNA is bound,
at least initially, té the A site. Kuechler (1971) investi-
gating the role of GI'P hydrolysis in the positioniné of f-met-
tRNA on the 30S subunit, suggests f—met-tRNAF is directly bound
to the P site in a state insensitive to puromycin, or that it
enters the A site and is translocated by GTP hydrolysis
which is not accompanied by a relative movement of ribosome
and mRNA.

The precise role and identification of the initiation
factors responsible for the formation of complex I, is still
unresolved. Factor Fq has been implicated (Iwasaki et al.,

1968; Revel et al., 1970) in messenger selection since E. coli

ribosomes recognise specifically naturél mRNA from other poly-
nucleotide templates only in its presence. It has been
postulated that F3 represents a kind of specific recognition
factor permitting the ribosomes to start translating natural
messengers at defined sequences, Although F3 has been shown
to bind to purified mRNA (Iwasaki et al., 1968) , it cannot

be assessed to what extent such binding, outside of ribosomes,

is specific and related with its initiation factor actively

proper. It is likely, however, that F3 recognises some



-50-

specific initiator sequence of natural mRNAs, most probably a
sequence much larger than the AUG initiator codon, Groner &
Revel (1971) have established the role of a complex between
initiation factors F2 and F3 in the selective recognition and
binding of f-met-tRNAF.
Evidence that the 30S subunit was involved in initiation
complex I was obtained in experiments in which "heavy" 708
ribosomes, labelled with 15&] and deuterium were mixed with
"light" 50S subunits, poly AUG, f—met-tRNAF and initiation

factors. f-met-tRNA, was found to be bound to hydrid 70S

F
ribosomes, consisting of a heavy 30S subunit and a light 508
subunit. It is argued that these hybrid ribosomes could only
have arisen if the heavy 70S ribosomes dissociated, liberating
heavy 30S subunits, which after the formation of the initiation
complex, would have complexed with light 508 subunits (Guthrie
& Nomura, 1968),. More recently, Slabin (1972) has provided
more concrete évidence for the implication of fhe 308 subunit
in the formation of the initiation complex I, This author
demonstrated that using ribosomes in which the 308 and 50S
subunits had been cross-linked covalently by the bifunctional
imidoester, dimethylsuberimidate, the initiation complex

could not be formed with f2 RNA and f-met-tRNA However,

F'
cross-linked ribosomes retained 80% of the activity of
unmodified ribosomes for polyphenyialanine formation in a

poly U-dependent system requiring initiation factors and N-
acetylphenylalanyl-tRNA, As well as indicating the necessity

of the 30S subunit in the formation of the '"proper'" initiation

complex I, these results indicate the artefactual situation
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which obtains in the 708 poly(lh system, It is suggested that
the two tRNAs bind to different sites. It is most probable
that the N-actylphenylalanyl-tRNA binds to the P site, whilst
the f-met-tRNAF may enter at a form of P site, the true entry
site,

Subsequent to the formation of initiation complex I, the
50S subunit is attached to complex I to form complex II. This
junction does not require the hydrolysis of GTP (Kolakofsky
et al., 1968a). The f-met-tRNAp in complex II is thought to
be bound at tﬁe A site of the ribosome (Ghosh & Khorana, 1967;
Nomura et al., 1967; Kolakofsky et al., 1968a; Kondo et al,,
1968; Sarkar & Thach, 1968). If the analogue GMPPCP is used
instead of GTP in the formafion of complex I, the 50S subunit
is still joined to the complex to form the 70S complex, but
the f;met-tRNAF is unreactive towards puromycin or other
aminoacyl-tRNAs (Kolakofsky et al., 1968a; Ohta & Thach, 1968),
GTP hydrolysis is, therefore, required to convert the bound |
f—met-tRNAF from an unreactive to a reactive state; this
conversion occurs on the 70S ribosome (Kolakofsky et al., 1969).
When the 508 subunit joins to the complex I initiation factor J
Fq is released (Hershey et al., 1969). However, factor F2
appears to remain attached to the ne& complex II at least
until GTP hydrolysis has taken place, F2 has been demonstrated
(Kolakofsky et al,, 1968b) to catalyse the ribosome-dependent
hydrolysis of GTP and Kolékofsky and his co-workers suggest
that the GTPase activity of factor Fo may be involved with
the translocation of f—met-tRNAF from its unreactive state

in the A site into the P site, ready for peptide bond formation,
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Since initiation factors are not found on either 70S ribosomes
or free 50S subunits (Parenti-Rosina et al., 1969), it is
concluded that Fq is released from the 70S initiafion complex
after the hydrolysis of GTP and the translocation of f-met-
tRNAF into the peptidyl site, However, the exact mode and
site of action of both F2 and the GTPase activity remains
unclear, Once f-met-tRNAF has been translocated to the P
site, the A site remains free to accept another aminoacyl-tRNA,
and chain initiation is complete,

Unformylated met—tRNAF cannot initiate protein synthesis

+

in E. coli at low Mg2 concentration (Kolakofsky & Nakamoto,

1966) and in vivo protein synthesis stops if formylation of

met—tRNAF is inhibited (Shih et al,, 1966).
Another implication of the importance of N-blocked amino-
acyl»tRNA'in chain initiation comes from the work of Lucus-

Lenard & Lipmann (1967), Using Pseudomonas fluorescens,

these workers reported-that N-acetylphenylalanine could act
as a chain initiator in the poly(U) system at low magnesium
concentration (4 mM), This findiﬁg has been confirmed for
both 70S and 80S riﬁosomes. Igarashi (1970) reports that

Phe will act as an initiator

any N-blocked peptidyl-like tRNA
for the poly ( U) dependent polyphenylalanine system, stressing
further the artéfactual nature of such a system.

Although the basic mechanism of polypeptide initiation
on 708 ribosomes has been understood for several years, it is
only recently that information regarding the mechanism in

eukaryotic cells has been forthcoming. Several workers have

demonstrated that f—met-tRNAF is the initiator tRNA in
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mitochondria and chloroplasts (Schwartz et al,, 1967; Smith
& Marcker, 1968; Burkard et al., 1969; Galper & Darnell,
1969; Marcker & Smith, 1969; Bianchetti et al., 1971), and
it has been proposed (Smith & Marcker, 1968; Marcker & Smith,
1969), that f—met—tRNAF is the universal initiator of protein
syntﬁesis on 70S ribosomes, However, there is no unequivocal
evidence of the-presence of f-met—tRNAF in the cytoplasm of
eukaryotes,

A number of workers have, however, demonstrated two major
methionine-accepting tRNA species in the cytoplasm of mammals
(Caskey et al., 1967; RajBandary & Ghosh, 1969; Smith &
Marcker, 1970) and in yeast (Takeishi et al., 1968). Since
the cytoplasm-of these species lacks an active traﬁsformylase,
neither of these species are formylated under normal conditions,

either in vivo or in vitro, using the homologous enzyme

preparation,

t Met

F* ¢
formylated in the presence of added E. coli transformylase and

One of these tRNAMe can be

species, designated tRNA
the coding properties of the product are indistinguishable

from those of f—met-tRNAF (Caskey et al.,, 1968; Marcker &

Smith, 1969). Despite a difference their primary structures
(Marcker & Smith, 1969) the tRNAggt can substitute for the

E. coli initiator in tﬁe E. coli cell-free system (Takeishi

et al., 1968), This suggests that the unique structural

feature of f;met-tRNAF, necessary for its function as the specific
initiator has been conserved in yeast and mammalian met-tRNAF*.

The presence of such a met-tRNAF* species in the cytoplasm of

these eukaryotes suggests that initiation on mammalian and
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yeast 80S ribosomes involves a formylatable (in the presence

Met

of E. coli transformylase), but unformylated tRNA species,

Initiation of haemoglobin synthesis has been conclusively

demonstrated to involve an unformylated tRNAMet species as the

initiator tRNA (Bhaduri et al., 1970; Gupta et al., 1970;
Houseman et al,, 1970; Jackson & Hunter, 1970; Wilson &
Dintzis, 1970). This is in direct contradiction of earlier
work implicating a valyl-tRNA species in initiation of haemaglobin
(Rahamimoff & Arnstein, 1969).

The situation with respéct to the initiator tRNA in plant
systems is less well documented, A number of workers (Leis
& Keller, 1970; Marcus et al.,, 1970b; Tarrago et al., 1970;
Ghosh et al,, 1971) report the occurrence,in the monocotyledon

Met

wheat, of two major and one minor tRNA species, Evidence

is presented in this thesis for a similar situation in Vicia
faba, a dicotyledon, Despite the presence in the supernatant

of an active transformylase (Leis & Keller, 1970) capable of

Met

formylating E. coli met tRNA;, neither of the major tRNA

F
species from wheat-germ are formylatable either by homologous

Met species has

or by E. coli transformylase, One of the tRNA
however, been identified as the specific initiator tRNA on the
basis of AUG dependent-binding (Tarrago et al., 1970), AUG
dependent reaction with puromycin (Leis & Keller, 19%0), and
N-terminal analyses of the product of tobacco mosaic viral
RNA-directed (TMV RNA-directed) incorporation (Marcus et al.,

1970b).

The precise reaction sequence whereby the specific initiator

methionine tRNA (met'tRNAi) interacts with the 40S subunit and
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subsequently the 60S subunit to form the initiation complex
has not yet been clarified. However, there are indications that
although essentially similar factors may be involved, the
sequence of events may be distinct from that observed in 708
systems, Using crude lysates of rabbit reticulocytes which
synthesize protein at a rate comparable with that in the intact
cell, Legon et al. (1973) present evidence that the initial
step in initiation in this system is the association of the
initiator tRNA (mettRNAi) with the 40S subunit, in the absence
of mRNA, to form a methiényl—tRNAi-4OS subunit complex, These
authors believe that bound GTP is an integral component of

the complex, An essentially similar result has been obtainéd
by Schreier & Staehelin (1973a) using a fractionated mammalian
system, the efficiency of whiéh approached that of unfractionated
crude cell-free extracts (Schreier & Staehelin, 1973a).

These authors have shown that globin mRNA does not prémote the
binding of methionyl—tRNAi to 40S subunits, but that the
initiator tRNA associates with the 40S subunit in the absence
of mRNA under the direction of the appropriate initiation
factors, It should perhaps be stressed that although both
groups of workers were investigating initiation of globin
synthesis, they arrived at the conclusion using very different
experimental techniques, These results are, however, in
striking contrast to those of Weeks et al. (1972). Using

408 and 60S subunits derived from messenger-free wheat-germ
ribosomes and TMV-RNA, they present evidence that initiation
involves the formation of a 40S subunit-mRNA-met--tRNA complex

(Complex I), which subsequently combines with a 60S ribosomal
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subunit to form on 80S monoribosome (complex II) functional

in protein synthesis. Burgess & Mach (1971) also interpret
investigations of met-tRNAi binding to washed eukaryotic
ribosomes in terms of the model proposed for the bacterial
system, Legon et al. (1973) question the significance of

such results obtained with mény fractionated eukaryotic systems
on the basis of their very low efficiency.

There is evidence for the participation of specific
initiation factors in eukaryotic systems. In plants, Marcus
(1970a, b) reports the formation of an initiation complex
between rédioactive TMV-RNA and wheat-germ ribosomes, which
requires the preserve of ATP and two protein factors isolated
by chromatography on DEAE-Cellulose from the supernatant fluid
after high-speed centrifugation. The requirement foxr ATP was
initially throught to be absolute; however, Liddell (1972)
reports that GTP can replace ATP. When tRNA was added to fhe
initiation complex, peptide synthesis occurred and the radio-
activity was found to be associated with polysomes.
Confirmation of the existence of two such initiation factors
comes from studies using the inhibitor aurintricarboxylic
acid (ATA), which has been shown to specifically inhibit the

attachment of f, RNA to E. coli ribosomes (Grollman & Stewart,

1968; Webster & Zinder, 1969; Stewart et al., 1971). Marcus
et gl. (1970a) have shown that ATA inhibits the formétion of
the initiatioﬁ complex in wheat-germ. This data suggest that
in wheat-germ at least, the initial step in the formation of
the initiation complex is independent of met%RNAi or indeed

any other aminoacyl-tRNA. This is in strict contradiction
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to the work of Legon et al. (1973), who suggest that the
initial step in the formation of fhe initiation complex is
independent of mRNA and involves GTP and met-tRNA;; and,
initiation factors only.

Three protein factors, Ml’ M, and M isolated from a

2 3?
0.5M~-potassium chloride rabbit reticulocyte ribosomal wash
fraction, have been shown to be required for initiation in
. cell-free haemoglobin synthesis at 3 mM magnesium (Shafritz
et al., 1970; Pritchard et al., 1970; Kerwar et al., 1970 ).
The factors, M, and Mg, bind met-tRNA, but not met-tRNAM to |
reticulocyte ribosomes in the presence of AUG.

There is evidence that one of the initiation factors may
be messenger specific, Heywood (1969) demonstrated the
inability of myosin mRNA from chick muscle to function with
washed reticulocyte ribosomes, unless muscle, not reticulocyte,
initiation factors were present, Washed muscle ribosomes
with initiation factors from reticulocytes also cannot translate
myosin mRNA. This specificity may be due to inability of
myosin mRNA to bind to reticulocyte ribosomes in the presence
of reticulocyte initiation factors, Such data is highly
suggestive of the existence of cell-specific messenger
recognition factors present on the ribosomes, which may be
involved in regulation of mRNA binding, Naora & Kodaira
(1970) also present evidence suggesting that mRNA from one
tissué cannot be translated by ribosomes and factors from
another.

If a methionyl-tRNA species is the universal initiator

tRNA, it would not be unreasonable to expect all polypeptide
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chains to carry an N-terminal methionyl residue. That this
is not so, attests to the presence in many cells of specific
enzymes capable of removing the N-terminal (and perhaps other
terminally situated) amino acids. However, there should be
evidence that at soﬁetime shortly after their initiation,
newly synthesised polypeptide chains (perhaps while still
attached as peptidyl—tRNA) will bear an N-terminal methionine
residue, The majority of E. coli proteins have methionine,
alanine, serine or threonine, as the N-terminal amino acid,
On the other hand, most, if not all, E. coli proteins are

initiated by N-formylmethionine, suggesting that E. coli

and, presumably, other bacteria have an enzyme(s) capable of
removing the formyl residue, and in some cases the terminal
methionine residue. Enzymes (deformylases) cleaving f-met
peptides into formate and methionyl—peptideé have been recognised

in E. coli, B. stearothermophilus and B. subtilis, and are

found to have those characteristicsof specificity required of

an enzyme whose function in vivo is to remove formyl residues

from nascent peptides (Adams, 1968; Fry & Lamborg, 1968;
Takeda & Webster, 1968). Since :E-met--tRNAF is not a substrate
for the enzyme, it is éoncluded that deformylation occurs after
the incorporation of the formylmethionyl residue into a
peptide. The existence in E. coli and B. subtilis of specific
enzymes (aminopeptidases) capable of removing methionine
residue from the N-terminal hexapeptide of f5 coat protein

(but only after deformylation), suggests that removal of the
N-terminal N-formylmethionyl fesidue occurs in two distinct

steps (Takeda & Webster, 1968). Evidence (to be discussed
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later) exists that a similar situation exists in eukaryotic
cells; where N-terminal methionyl residues are cleaved from
the nascent protein,

Translation in vitro requires the presence of an initiating
codon at the 5' end of the RNA sequence to be translated.
However, considerable evidence exists that the initiating
triplet does not occupy the 5' terminus of mRNA molecules
but is preceded by a sequence of untranslated codons. In
the case of polycistronic messages, one or more initiating
regions probably occur intramolecularly. Sequence deter-
minations on bacteriophage MSZ—RNA (De Wachter et al.,, 1971)
indicate that the initiating codon, AUG, is located in |
nucleotide positions 130-132, Adams & Cory (1970) have

deduced that the initiating codon in bacteriophage-R,.,~RNA

17
is preceded by an untranslated sequence of at least 91
nucleotides, whilst Billeter et al. (1969) report an untranslated
sequence of 61 nucleotides in the RNA of 5acteriophage-QB.

The presence of such untranslated N-terminal sequences
in eukaryotic mRNAs is less well documented, Gaskill &
Kabat (1971) have shown that the haemoglobin mRNA contains
at least 206 more nucleotides than are required to code for
the globin chains. Smith (1972) has described the isolation
and properties of a fragment of ﬁNA from Encephalomyocarditis
(EMC) virus with the properties of the initiation site, and
found a region rich in adenosine occurring on the 5' side of the
initiation site. The fragment had an unusual primary and

secondary structure which, it is suggested, functions as a

messenger recognition site for initiation factors or ribosomes,
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A number of workers (Kates, 1970; Lim & Canellakis, 1970;
Edmonds et al., 1971; Darnell et al., 1971) report the presence
within mammalian viral, polysomal and nucleér RNA species of
regions rich in adenylic acid residues, the so-called poly(A)
regions, These regions have been demonstrated on the 3' end
of a number of mRNAs, The immunity from mutation and
conservation throughout evolution of such untranslated sequences
of nucleotides, implies a strict requirement for that region.
They may be involved in the process of regulation of gene
expression; however, their function, as yet, remains obscure,
Kwan & Brawerman (1972) present evidence for the association
of a particle with these poly(A) regions. The particle is
identified as composed mainly of protein, The situation of
such a particle on the 3' end of the mRNA indicates that it is
not involved in the initiation process; its function is still
unclear.

Since polycistronic mRNAs contain internal initiating codons,
initiation may either be sequential, i.e. begin only at the 5'
terminus and proceed towards the 3' terminus or ribosomes may
attach at any of the internal initiation sites., Lodish (1968)
has shown that the addition of bacteriophage-fz—RNA to an E, |
coli in vitro system results in the simultaneous synthesis of
two different polypeptides, and Rekosh et al. (1970) have
shown that an E. coli system with polio-virus-RNA iﬁitiates at
least eight distinct sites, In the case of the histidine

operon of Salmonella typhimurium (coding for 10 enzymes involved

in histidine biosynthesis), sequential translation has been

shown to occur under conditions where histidine was limiting
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(derepression) (Berberich et al,, 1967) and the intracellular

formyltetrahy&rofolate pool was low. .However, when the

intracellular formyltetrahydrofolate pool was large, simultaneous

synthesis of all the enzymes of the histidine operon resulted.
The bacterial initiation factors have been implicated

as, at least, part of the translational control mechanism

involved in the alteration in mRNA translation brought about

by T4 phage infection (Hsu & Weiss, 1969; Dube & Rudland,

1970; Schedl et al., 1970; Steitz et al., 1970). Hattman

(1970) reports the superinfection, with T4 phage; of E. coli
cells.previously infected with an RNA phage such as fz or M12’
results in inhibition of synthesis of the RNA phage coat
protein, A similar situation was observed in vitro,. When
ribosomes from T4—infected cells were allowed to translate

E. coli mRNA, MS, RNA or fo RNA they translated E. coli mRNA
only 50% as efficiently, and RNA phage RNA less than 20% as
efficieﬁtly as normal (Hsu & Weiss, 1969). Chlorampheﬁicol
treated ribosomes behaved like ribosomes"from uninfected cells
indicating that such a change in ribosome-mRNA specificity was
dependent upon protein synthesis. A heat-labile factor
extracted from infected ribosomes conferred the restriction

on T4—infected ribosomes and when added to normal ribosomes,
the factor confierred upon them a specificity for T4 RNA
translation. Schedl et al. (1970) suggest that a change
occurs in the initiation factor Fz; whilst Dube & Rudland

(1970) cite a change in F3 as responsible for the specificity.

The capacity of uninfected E. coli ribosomes to bind to the

three different R17 initiation signals can be altered by the
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addition of an initiation factor mreparation from T4 phage-
infected ribosomes (Steitz et al., 1970). Ribosomes with the
initiation factors from uninfected cellé bound to all three
cistrons of the R17 RNA, whereas those with initiation factors
from infected cells bound only to the initiation point of the
maturation protein cistron, Such results suggest that following
T4 infection, a new initiation factor(s) is made, specified by
the infecting phage, or a modification 6f pre-existing host
factors results, such that ribosomes now recognise the starting
signals of only T4 mRNA. There is little data on such changes
in mRNA specificity following viral infection of eukaryotes, but
such changes may be important in the loss of cellular control

following the infection by carcinogenic viruses,

(iii) Peptide Chain Elongation

Affer the 'priming' of the ribosome by the formation of
the initiation complex (f-met-tRNA-mRNA-30S subunit) and its
coupling with a 508 subunit to form a 708 monosome,'the process
of peptide chain elongation can occur by the stepwise addition
of one amino acid at a time in a repetitive cycle.

The elongation cycle involves three distinct events:-

(1) codon~-directed binding of aminoacyl-tRNA to a ribosomal

sife (A) adjacent to that occupied by the initiator or
peptidyl~-tRNA (P); (2) peptidyl transfer between the newly
bound aminoacyl~-tRNA aﬁd the initiator or peptidyl-tRNA;

and (3) translocation of both the mRNA and the newly synthesised
peptid&l—tRNA from the acceptor (A) to the donor (peptidyl, P)
site on the ribosome, thus, freeiné the A site for further |

rounds of elongation. Concomitant with the translocation
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step the tRNA which donated the peptidyl moiety is released.
The events involved in peptide chain elongation on the 70S
ribosome will be described since they have been more completely
elucidated than those taking place on 80S ribosomes.

The basic mechanism on 70S and 80S ribosomes is identical;
however, slight differences do exist and will be discussed.
Elongation of peptide chains requires K%, Mg2+, GTP and charged
tRNA and a soluble enzyme fraction, Three protein factors
involved in peptide chain elongation have been resolved from
the soluble fraction of the cell. They have been isolated
from a range of microorganisms by the variety of workers, each
assigning their specific nomenclature to what appeared to be
analogous proteins, Lucas~Lenard & Lipmann (1966) isolated

from E. coli and P. fluorescens, three factors, Ts, Tu and G.

These appear to correspond to the factors Si, S3 and Sg isolated

by Skoultchi et al, (1968) from B, stearothermophilus and the

factors Flg, FI,; and FII éf Ravel & Shorey (1969), In the
absence of a uniformity of nomenclature the Ts nétation will
be used throughout the description of the events involved in
peptide chain elongation, Tu and Ts together constitute the
'transfer' factor T, whilst factor G functions as a translocase,
The adapter hypothesis (Crick, 1957) requires only the
intervention of tRNA bhetween the mRNA codon and the amino acids
that are polymerised into the nascent protein, However,
the mechanism whereby the aminoacyl—tRNA,is attached to the
ribosomes is more complex than was initially proposed, and
involves the participation of the factors Ts, Tu and GTP.

There is considerable evidence that aminoacyl-tRNA is brought
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to the vacant A site in the form of a complex involving factor
Tu and GTP. In the soluble fraction of the cell, the Tu and

Ts factors are associated and together constitute the T factor
(Nishizuka & Lipmann, 1966b). Tu, in the presence of MgZ+,
forms a complex with GDP or-GTP, which is retained on Millipore
filters, However, in the presence of aminoacyl-tRNA and Ts,
the binding specificity of the Tu is changed (Cooper & Gordan,
1969) and Tu forms a ternary complex with GTP and aminoacyl-
tRNA, and no longer binds GDP or Ts (Ravel et al., 1967; 1968;
Gordan, 1968),. This complex formation is specific for
aminoacyl—tRNA which cannot be replaced by uncharged tRNA
(Gordan, 1967; Ravel et al,, 1967), N-acetylated aminoacyl-tRNA
(Ravel et al., 1967), f-met-tRNA (6no et al.,, 1968), or
deaminated aminoacyi-tRNA (Jerez et al.,, 1969). ;:‘-met-tRNAF
does not normally form a complex with Tu. Tﬁe GTP analogue,
GMPPCP, can form the ternary complex, indicating that GTP
hydrolysis is not involved in the formation of the complex.

GTP and aminoacyl-tRNA are present in a ratio of 1l:1 (Haenni

et al., 1968; Ono et al,, 1969a). Addition of the T-GTP-
aminoacyl-tRNA complex to initiafed ribosomes results in rapid
binding to the ribosomes of the complex and the formation of
dipeptidyl-tRNA between the initiator tRNA and the aminoacyl-
tRNA (Lucas-Lenard & Haenni, 1968). The rate of reaction is
considerably greatexr when the preformed ternary complex is

added to the initiated ribosomes, than when all the constituents
were added at zero time suggested that the complex is an

intermediate in the binding of aminoacyl—tRNA to the ribosomes

and that Tu is effectively a carrier of aminoacyl-tRNAs to
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ribosomes (Lucas-Lenard & Haenni, 1968; Skoultchi et al., 1969).
(i) Tu - GDP + Ts ———> Tu - Ts + GDP

(ii) Tu - Ts + GTP + AA - tRNAT=—"Tu - AA- tRNA -~ GTP

+ Ts
) ribosomes
(iii) Tu - AA- tRNA - GTP __HIRN—A_—> AA - tRNA - mRNA -

ribosome + Tu + GDP + Pi

Although GMPPCP can replace GTP in the formation of the
T-GTP-aminoacyl-tRNA complex and in the binding of aminoacyl-
tRNA, binding of such a complex does not result in the formation
of a dipeptide between the newly bound aminoacyl-tRNA and the
adjacent initiator tRNA, Although GTP remains unhydrolysed
during the formation of the ternary complex (Skoultchi et al.,
1968), it is hydrolysed to GDP and inorganic phosphate in the
tranéfer of aminoacyl-tRNA to the ribosomes, and there is a
stoichiometric breakdown of GTP compared to the amount of
aminoacyl-tRNA bound to the ribosome (Shorey et al., 1969;
Lucas-Lenard et al,, 1969; Ono et al., 1969Db). GTP hydrolysis
was insensitive to inhibition by chlortetracyéline (Hierowski,
1965), an inhibitor of aminoacyl-tRNA binding, and to sparsomycin
(Goldberg & Mitsugi, 1967), an inhibitor of peptidyl transferase,
and to fusidic acid, an iﬁhibitor of factor G mediated
translocation, indicating that the GTP hydrolysis was not
required for either binding of aminoacyl-tRNA or for peptide
bond formation or for translocation of the bound aminoacyl-
tRNA, When the aminoacyl-tRNA-GMPPCP-Tu complex is bound
to ribosomes, the Tu and GMPPCP remain attached to the ribosomes
(Lucas-Lenard et al., 1969; Skoultchi et al., 1970), whereas

when the GTP containing complex is bound the Tu and GDP are
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removed from the ribosome as a Tu-GDP complex (Ravel et al.,
1969; Skoultchi et al., 1969; Hachmann et al., 1971). Ts
displaces Tu from the Tu-GDP complex as indicated in équation
(i), regenerating the Tu-Ts complex (Miller & Weissbach, 1970).
| Although the role of Tu in transporting the aminoacyl- |

tRNA to the fibosome is clearly understood, there seems to be
little information on the mechanism whereby the aminoacyl-tRNA
is bound to the appropriate codon. Kurland (1972) summarises
the evidence indicating that the codon-anticodon iﬁteraction

is insufficiently strong to account for the stability and

fidelity of aminoacyl-tRNA binding. The author reviews the
evidence for the implication of both ribosomal RNAs and
proteins in the binding and concludes that interactions involving
ribosomal proteins are most likely involved in the stabilisation
of the codon-anticodon interaction.

Kurland (1971) has proposed a model in which the codon and
a group of proteiné provide a kinetic barrier through which the
most likely tRNA to pass is that with an anticodon comple-
mentary to the codon; the tRNA which passes this barrier is
then non-specifically bound to the ribosome,

The situation concerned aminoacyl-tRNA binding in
eukaryotes is essentially similar to that described for pro-
karyotes. A transfer or elongation factor, equivalent to
the Tu + Ts complex, has been purified from a variety of sources,
and in the absence of a uniform nomenclature will be referred
to asTPI. TF; activity has been demonstrated in reticulocytes
(McKeehan & Hardesty, 1969), rat liver (Gasior & Moldave, 1965),

calf liver (Kloppstech et al., 1969) and from the plant sources,
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wheat embryo (Jerez et al., 1969), yeast (Ayuso & Heredia, 1968;
Richter & Klink, 1967). |

A complex analogéus to the bacterial Tu-GTP-aminoacyl-tRNA
complex has been demonstrated (Ibuki et al., 1966) in rat liver,
reticulocyte, wheat and yeast systems. The eukafyotic TF.
factor can be replaced by the bacterial T factor in the binding
of aminoacyl-tRNA to eukaryotic ribosomes and in polyermisation
when supplemented with the eukaryotic translocase factor Tﬂi
(Krisko et al., 1969). However, eukaryotic TI;will not
substitute for bactefial T factor on bacterial ribosomes.

The eukaryotic TE factor, like the T factor, has an aminoacyl-
tRNA and ribosomal dependent GTPase,

After the attachment of the aminoacyl-tRNA to the ribosome,
the a-amino group of the aminoacyl-tRNA is immediately involved
in peptide bond formation with the carboxyl-terminal residue
of the neighbouring initiator or peptidyl-tRNA present in the
donor (P) site. The reaction is catalysed by the enzyme,
peptidyl;transferase, which is a constituent protein of the
50S subunit (Monro et al.,, 1967; Maden et al., 1968). The
reaction is completely independent of GTP or supernafant
factors (Monro et al., 1967), Peptide band formation has
been shown to be independenf of the 30S subunit by the use of
methanol (33% v/v) treated 50S subunits, The alcohol causes
an uncoupliné of ﬁolymerisation from sequence control and
other reactions in protein synthesis, since under these
conditions peptidyl transfer between f—met—tRNAF and aminoacyl-
tRNA, and between f-met-aminoacyl-tRNA and another aminoacyl-

tRNA, can occur giving rise to a series of random di-, tri-,
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and tetrapeptidyl tRNAs (Monro, 1969).

When f-met-tRNA was digested wifh ribonuclease T1l, a
series of fragments were isolated containing various portions
of 3' terminal-CAACCA-(f-met) fragment. Using such fragments
in the so-called "fragment reaction" it was demonstrated that
the minimum fragment able to attach to the peptidyl site and
participate in peptidyl transfer, was the -CCA-(f-met). It
was concluded that the interaction at the donor site éf the
peptidyl-transferase involved the 3'-terminal CCA moiety of
the aminoacyl-tRNA species (Monro et al., 1968) . The
peptidyl-transferase activity has been assigne& to the
core of ribosomal proteins but is only active in the presence
of the rest of the 50S subunit (Staehdin et al., 1969).

The peptidyl-transferase activity of rabbit retiéulocytes

was originally thought to be a function of the soluble transfer
factor TF&(Arlinghaus et al., 1964). It has now been clearly
demonstrated in both mammalian (Skérgerson & Moldave, 1968a;
systems
Vazquez et al., 1969) and plant/(Neth et al., 1970) to be an
integral part of theQSOS subunit and is capable of-carrying
out the fragment reaction,

Following binding of the aminoacyl-tRNA and the formation
of the first peptide bond, the peptidyl-tRNA is attached to
the acceptor site and elongation stops since no further
aminoacyl-tRNA can bind until the acceptor site is vacated and
a new mRNA codon is exposed. Incubation of these ribosomes
with factor G and GTP results in the binding of further
aminoacyl-tRNA or puromycin, suggesting that G factor and

GTP are involved in translocating the peptidyl-tRNA from the
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acceptor to the donor site (subsequently releasing the free
tRNA held on the donor site) (Haenni & Lucas-Lenard, 1968).
The G mediated translocatioﬁ is inhibited by fusidic acid‘(Haenni
& Lucas-Lenard, 1968) and GMPPCP cannot substitute for GTP in
the formation of pepfidyl puromycin, hence GTP hydrolysis must
be required for translocation. The role of G factor as a
translocase was elegantly demonstrated (Erbe & Leder, 1968;
Erbe et al., 1969) ,using the synthetic messenger AUG~-UUBUUU
as a template. Insertion of f-met in response to the AUG
codon was shown to require purified initiation factors, and GTP.
The formation of f-met-Phe by translation of the second codon
and peptide bond formation reqqired, in addition, T féctor and
GTP, Unless factor G was present the tripeptide f-met-Phe-Phe
was not formed. Translation of the third codon required T
factor, GTP and G factor, Thus, it was concluded that the
G factor was essential for making the third codon available
by the translocation of the peptidyl-tRNA and mRNA. A similar
conclusion has been reached by Roufa et al. (1970), using QB
virus, Modolell et al., (1971) demonstrated that‘the G factor
interacts with the 508 ribosomél subunit at a site which is
distinct from the pebtidyl-transferase, and that it enters
and leaves the site during each round of protein synthesis.
Translocation of the peptidyl-tRNA from the acceptor to
the donor site involves the removal, from the donor site, of
the tRNA which has donated its peptidyl moiety. Lucas-
Lenard & Haenni (1969) have demonstrated that G factor and
GTP are involved in rémoval of the free tRNA and that dis-

charge tRNA cannot be released from the ribosome unless
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translocation takes place simultaneously. The rate of release
of discharged tRNA was the same as the rate of translocation of
the peptidyl-tRNA. Tanaka et al. (1971) studying the
differential inhibition of the translocafion and G factor
catalysed release of deacylated tRNA by the antibiotics, fusidic
acid and bottromycin Ap, suggest that G factor primarily parti-
cipate in the release of deacylated tRNA and that translocation
per se is catalysed by the 50S ribosomal subunit,

The mechanism whereby G factor interacts with the ribosomne,
mRNA and peptidyl-tRNA, to cause translocation, is uncertain.

A ribosome~GTP-G factor complex has been observed by Millipore
binding and gel filtration (Brot et al., 1969); however, its
functions are uncertain. '

One of the major problems still unresolved is the
stoichiometry, role and site of GTP hydrolysis during peptide
chain elongation, It was initially assumed that the energy
liberated by factor G mediated GTPase was used to boost the
carboxyl activation of amino acids, but the energy required
for linking a peptide bond appears to be amply supplied by
the energy-rich ester link between the amino acid or peptidyl-
carboxyl group and the 3'-terminal adenosine in the tRNA
(Nishizuka & Lipmann, 1966a). Assuming one molecule of GTP
is hydrolysed during aminoaéyl—tRNA binding and another is
required for translocation, then considering only peptide
chain elongation a stoichiometry of two molecules of GTP
hydrolysed per peptide bond formed, would be expected.

However, a ratio of 1:1 has been reported (Nishizuka & Lipmann,

1966b) . This could be explained if the GTP hydrolysed in
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aminoacyl-tRNA binding is coupled to translocation; this has,
however, been disputed (Ono et al., 1969b).

The mammalian translocase factor,f?b; is in most respects
similar to the G factor in that it complements{F; in polymeri-
sation, it possesses a ribosome-dependent GTPase (Kaziro EE
al., 1969), is inhibited by fusidic acid, and is required, in
conjunctién with GTP, in the translocation reaction. In
eukaryotic systems the donor site is reported to be filled
only with peptidyl-tRNA as a result of translocation and
peptidyl or analogues of peptidyl-tRNA cannot directly enter
the donor site (Siler & Moldave, 1969). Baliga & Munro
(1971) have shown that a1f§—GTP compléx binds specifically at
the aéceptor site.

TPy is specific for mammalian ribosomes and cannot sub-
stitute for or be substituted by, bacterial G factor (Krisko
et al,, 1969). Unlike bacterial G factor, all mammalian
Trb factors e#amined have been shown to be inhibited by diphtheria
toxin in the presence of NAD (Lucas-Lenard & Lipmann, 1971).

Evidence obtained by the use of diphtheria toxin inhiﬁition
in the presence of factor1T§, suggests that less than 10% of
the cells calculated content of 7fp molecules are found iﬁ the
high-speed supernatant. It is suggested that1?é remains
attached to the ribosome and its release is dependent upon
the movement of ribosomes along mRNA and perhaps upon dis-
sociation of the ribosomes following chain termination (Gill
et al,, 1969).

The natﬁre of the GTP-~dependent mechanism whereby trans-

location of the peptidyl-tRNA from the acceptor to donor site



occurs, remains unclear, Woese (1970) has proposed a model
based on the Fuller-Hodgson (1967) model of the anticodon
loop of tRNA involving a GTP—mediéted change in ribosome
conformation allowing transition between two conformational
states of the tRNA, There is, as yet, no evidence for such
a model.

In addition to the transfer factors mentioned above
Kuwano & Schlessinger (1970) have implicated cyclic-AMP (cAMP)

in chain elongation in E. coli. cAMP associates with the

G-factor and GTP and the above workers suggest that its role

may be one of inhibition of activation of a ribosomal nuclease
(ribonuciease-V) by factor G, GTPase, hence, suggesting the

role of cAMP in.regulating the balance between mRNA translocation

and degradation by ribosomes,

(iv) Peptide chain termination

Foilowing several rounds of peptide chain elongation the
synthesis of the nascent protein is complete. It is, however,
not released immediately upon completion, release of the nascent
protein has been shown to be a dynamic process involving
specific termination codons and a variety of protein factors.

The initial evidence for the implication of specific
termination codons comes from the ochre and amber (nonsense)
mutations of E. coli in which premature chain termination |
occurred (Brenner & Beckwith, 1965; Stretton & Brenner, 1965),
as a result of gene mutations,. Using supressor mutations, |
i.e., strains of mutant E. coli capable of translating the
nonsense mutations as an amino acid rather than as a terminator

codon, the amber mutation was identified as UAG (Stretton &
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Brenner, 1965) and the ochre mutation as UAA (Brenner &
Beckwith, 1965). Brenner et al. (1967) later identified UGA
as a terminatof codon, |

All attempts to find a specific terminator tRNA(s) which
recognised the terminator codons were unsuccessful (Caﬁecchi,
1967; Bretscher, 1968; Fox & Ganoza, 1968). Using an amber
mutation in the phage R17 RNA which caused ﬁremature termination
of the coat protein givinékhexapeptide, Capecchi (1967)
demonstrated the requirement for release of this fragmént for
a fraction (R) distinct from the elongation factors, The R
factor was reéolved into two components, Rl which translated
UAA and UAG, and R2 which was required to translate UAA and
UGA (Scolnick et al., 1968). An additional factor, S, was
later identified by Milman.gz al. (1969). This factor alone
had no release activity but stimulated fhe rate of release
dependent upon a particular R factor and the correct codon,

Since R factors form a complex with ribosomes and the
appropriate trinucleotide codon (Scolnick & Caskey, 1969), it
is likely that an R factor-terminator-codon-708 ribosome.
intermediate is involved in terminator codon recognition,

There is some evidence for the participation of peptidyl-
transferase in termination, Antibiotics that inhibit the
peptidyl-transferase also inhibit the release reaction
(Capecchi & Klein, 1969). Lucas-Lenard & Lipmann (1971)
suggest that the terminétion step can be divided into a |
terminator codon-dependent R-factor binding reaction and a
hydrolytic reaction in which the R factor alters the substrate

specificity of the peptidyl-transferase so that it, in fact,
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acts as a hydrolase, causing the transfer of the peptidyl
moiety of peptidyl-tRNA to water rather than to aminoacyl-tRNA.

Evidence now suggests that following termination the
completed polypeptide is released into the supernatant as the
free peptide rather than attached to a tRNA molecule as
peptidyl-tRNA. The free tRNA is thus left on the ribosome in
the donor site, The means by which this is removed remains
controversial, Lucas-Lenard & Haenni (1969) suggest that the
G factor and GTP cannot release this tRNA, since there is no
peptidyl-tRNA adjacent to it on the acceptor site to synchro-
nise translocation with removal, and there is no evidence for
a GTP or G requirement for termination. However, data of
Tanaka et al. (1971) suggest that G factor is responsible for
removing free tRNA from the peptidyl site. A factor (TR)
has been isolated that releases tRNA from ribosomes when Qo
translocation is involved (Kaji et al., 1969). However, the
site at which such a factor is active remainé uﬁclear, whether
it acts before dissociation of the 70S monosome or after, and
its possible relationship to the dissociation factor (described
later) (Davis, 1971), are yet to be resolved.

Whilst the terﬁinator codons must be towards the 3' end
of the sequence of the message to be translated, it is not a
prerequisite that they, in fact, lie at the 3' terminus of
the mRNA chain, Sequence studies of portions of the
bacteriophage-Ri17~RNA reveal an intercistronic region of
10 codons between the 2, 3' terminal termination codons for the
coat protein cistron and the 5' terminus of the synthetase

cistron (Nichols, 1970).
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Beaudet & Caskey (1971) using release factor preparations from
reticulocytes, Chinese hamsfer liver or guinea-pig liver, in
combination with rabbit reticulocytes, have demonstrated that
the same three terminator codons probably act in the same way
in eukaryotes. Essential differences have been noted, however,
between the situation in prokaryotic and eukaryotic systems,

All attempts to resolve the single mammalian release factor
into different components have failed; the possibility exists
however, that it is made up of subunits. Khairallah & Pitot
(1967) have demonstrated a requirement for energy in the
releaée of polysome-bound proteins of rat liver, whilst
Goldstein et al. (1970) have shown that GTP étimulates the
R-dependent release of.f—met from an f-met-tRNA-ribosome
complex,

Despite substantial evidence, mammalian peptide termination
appears to proceed by a mechanism essentially similar to that
in bacteria. There is no data available about the mechanism
of protein chain termination in plant systems.

The participation of the 30S ribosomal subunit in the
formation of the initiation complex and the subsequent trans-
lation of the mRNA by the 70S monomer, raises the problem as
to the source of the 30S subunits involved in initiation.

In order to maintain a pool of 30S subunits capable of
initiation, it is necessary to postulate the dissociatibn of
70S monosomes after the completion of a round of protein
synthesis, i.e. a sub-unit cycle in which dissociation of the
70S monosome yields a pool of subunits which are available

for the initiation of a new round of protein synthesis and
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which associate in the presence of mRNA forming the translating
monosome which after termination is again dissociated. The

subunit cycle in E. coli is well documented, but the precise

role of the factors involved is still controversial.

Early studies by Tissieres et al. (1959) revealed the
reversible dissociation of the 70S ribosome into a 30S and 50S
subunit under conditions of low maghesium concentration. These
"derived'" subunits differed from the "native'" subunits found in
lysates of E, gg&i prepared in the presence of adequate
magnesium in that_they associated to form 70S ribosomes at
increased magnesium concentrations. Both Tissieres et al.
(1960) and Watson (1964) postulated some form of ribosomal
cycle'involving dissoci;tion and re-association of subunits.

The first unequivocal demonstration of a physiological
dissociation of the ribosome was provided by Kaempfer et al.
(1968). An E. coli culture was grown initially in a medium
containing heavy isotopes ([3H] E‘sN] and then transferred to
a medium containing light isotopes; Analysis of the ribosomes
indicated extensive subunit exchange had occurred. Closer
kinetic evidence with protein-synthesising extracts suggested
that the ribosome undergoes subunit exchange in each round of
translation (Kaempfer, 1968; Kaempfer & Meselson, 1969).