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Rheomacrodex or other isotonic solutions. The immuno
logical characteristics of this reaction were proved by the
necessary controls in previous experiments.'

In contrast, when the other kidney of the same goat
was perfused, previous incubation of the TDC with ALS

.prevented this blockage of the renal vasculature. This
occurred even when the incubated cells had been washed
free of the remaining circulating ALS after the incubation
period. In both cases the perfusion did not cause a ces
sation of the flow through the kidney, nor did blood flow
stop after it had been re-established. Repetition of this
procedure after i-hour caused no obvious defect.

DISCUSSION

The most important observation is that both a lympho
cytotoxic and a non-lymphocytotoxic ALS is able to block
the hyperacute reaction in the kidney without any evi
dence of the killing of the specifically sensitized TDC.

This occurred with one batch of ALS when cells were
examined in vitro and in the presence of complement, as
well as in all complement-free systems using either batch
of ALS. The percentage of stained cells remained un
changed during the incubation of the TDC with ALS, and
there was no increase in the percentage of stained cells
in the perfusate after perfusion of the kidneys.

These results suggest that in this system, the specific
Iymphocyte reaction mechanism or response is inhibited
by ALS, and is more in accord with the 'blind-folding'
theory than any other.

I should like to thank Engela Moller and Roger Fisher for
their excellent technical assistance.
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THE MECHANISM OF PROTEIN BIOSYNTHESIS*
C.l. REINECKE, Department of Physiology and Biochemical Research, Potchefstroom UniverSity, Potchefstroom, Tvl

SUMMARY

The process of protein biosynthesis as it emerged from
results presented at the 8th International Congress of Bio
chemistry (/970) is reviewed. Special attention is given to
results concerning the initiation, elongation and termination
phases of the synthesis.

During the recent 8th International Congress of Biochem
istry (held in Switzerland on 3 - 9 September 1970) a
number of symposia were devoted to the biosynthesis of
proteins. The aim of this article is to summarize some of
the contributions to our understanding of this process, as
it emerged from results presented at the congress. The
results in this respect dealt mainly with protein synthesis
in bacteria or bacterial systems, predominantly from E.
coli.

Protein synthesis can be divided into three main phases,
each consisting of a number of definite reactions. In the
initiation phase a complex is formed between the ribo
somal subunits, the initiator transfer RNA (tRNA) and
the messenger RNA (mRNA) at the initiation site of the
latter. During the elongation phas'e the information of
mRNA is translated into protein as the ribosome moves
from the 5' to the 3' end of the mRNA. The third phase,
called termination, occurs when the ribosome reaches
the termination signal on the mRNA, whereafter the
completed protein is released into the cytoplasm of the
cell. Each one of these phases will now be discussed
separately. A schematic presentation of the successive
reactions is shown in Fig. 1.

1. Chain Initiation
The first reaction in the process of protein biosynthesis

is the attachment of the ribosome to the mRNA in a
position corresponding to the beginning of the cistron to
be translated into protein. This position must be in the
vicinity of an AUG or GUG codon, which corre~ponds

to the initiator N-formylmethionyl-tRNA (F-met-tRNA
or met-tRNAF if this tRNA is in the unformylated form).

°Daie received: 10 December 1970.

Since these codons also occur in the internal part of the
genetic message, it must be assumed that the signal speci
fying the beginning of the cistron is more complex than
just one of these codons. Furthermore, these initiation
codons are' probably not located near to the 5'-terminus
of the mRNA. Considerable attention was therefore given
at the present congress to the primary, secondary and
tertiary structure of mRNAs.

Adams' has analysed the 5'-end of bacteriophage R17
RNA. A fragment of 74 nucleotides long has been deter
mined. Although this sequence contains three potential
initiation codons (two AUG and one GUG), it apparently
does not contain the ribosomal binding site for this
mRNA. This initial section of the phage RNA is part of
a tightly hydrogen-bonded loop, as is shown in Fig. 2.
Adams' suggested that this part of the phage RNA might
contain the recognition site for the RNA synthetase, al
though it might also have another still unknown function.

Sanger et al" have shown that in phage R17-RNA an
AUG codon is present at the beginning of the cistrons
coding for the three phage-specific proteins. These AUG
codons probably occur at the turn of a hydrogen-bonded
loop, as is shown in Fig. 3. Whether this loop might have
any physiological significance for the specificity in the
binding of the mRNA to the ribosome is still unknown.
If so, it might be only valid for phage RNAs. Analysis
of mRNAs from bacterial and other systems must be
awaited before the actual role of the secondary and
tertiary structure of the mRNA in the control of the
initiation of protein synthesis will become clear.

Also important in the process of chain initiation is the
participation of the ribosome in the recognition of the
initiation signals on the mRNA. Three distinct protein
factors, actually loosely bound to certain ribosomes, have
so far been recognized as being involved in this process.
One of these (designated factor F3 or B) is involved in
the attachment of the ribosome to the mRNA (Fig. 1,
Reaction 1). Revel et al.' have purified this protein and
showed that it can be fractionated into cistron-specific
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Fig. 1. Schematic presentation of the process of protein biosynthesis. Fm = N-formyl-methionine; a" = second amino
acid of the polypeptide chain; a'" = third amino acid of the polypeptide chain; aN = the last amino acid of the
polypeptide chain; A = amino acyl-site on the ribosome; P = peptidyl-site on the ribosome. The remaining abbrevia
tions or symbols are the same as indicated in the text or in the figure.

species. This indicated that F3 can recognize selectively
a proper cistron of the mRNA to be translated. The
demonstration of this reaction in the process of chain
initiation might provide a mechanism of gene expression

control at the level of translation.
F3 could be resolved into subfractions on a DEAE

cellulose column by Gros et al.' They showed that apart
from a mRNA binding function some of the fractions

11



442 S.A. MEDICAL JOURNAL 17 April 1971

u~
u/ u
\ '/
u - A
I ,
u - A

I I
A - U

I I
C - G

u--u I I
/ \ c - u

u c [ I
~ / G - C

C _ G I I
I I U U

J
- G

I
I I
A - U

- G I I
I I A - U

C _ G I I
I I u - A

A - U I I
I I C - G

G -cl'
I I G - C

G _ c I I
I I A G
G - u I I
I I G A

U, - y I I
I C - G

G _ C [ I
, , u - A

G U I I
I I G - C

5'-PPP-G - C I I

"" U GJ.-A- C-U-U-C-C/ 3'

Fig. 2. The untranslated nucleotide sequence at the 5'-end
of Rl7-RNA.
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Fig. 3. The proposed secondary structure of the ribosomal
binding site in Rl7-RNA at the beginning of the coat
protein cistron.

could also stimulate the dissociation of 70S ribosomes
into 30S and 50S subunits (compare also chain termina
tion). Similar results were presented by Ochoa,' and it
seems therefore that F3 exhibits a dual function: binding
of the mRNA to the 30S ribosomal subunit and disso
ciation of the ribosome into its subunits. It can, however,
not be excluded that further purifications might lead to
the separation of components of the present F3 factor
into fractions specific for one of the above functions.

Once the 30S-mRNA complex is formed, the initiator
F-met-tRNA can be bound to the complex (Fig. 1, Reac
tion 2). The other two initiation factors (designated Fl
or A and F2 or C) are required for this reaction. -This
reaction, however, also requires the presence of GTP. One
molecule of GTP is bound to the 30S ribosome for each
molecule of F-met-tRNA present in the complex. The

addition of a 50s particle to the complex causes release
of GTP, presumably as GDP and inorganic phosphate
(Pi). Thach and Thach' presented results showing that
the hydrolysis of GTP occurs during the junction step,
and is catalysed by F2 in the presence of both subunits
(Fig. 1, Reaction 3). As soon as this reaction had taken
place, Fl and F2 were released from the 70S ribosome.
It was suggested that F-met-tRNA is originally bound to
the aminoacyl-site (A-site) of the 30S ribosome, and is
then translocated to the peptidyl-site (p-site) during the
junction step (Fig. 1, Reaction 4). The energy of this
translocation reaction is provided by GTP which becomes
hydrolysed to GDP and Pi.

2. Chain Elongation
Once the initiator F-met-RNA is present in the P-site

of the 70S-ribosome, the tRNA, carrying the second
amino acid (aa), can bind to the A-site of the ribosome
(Fig. 1, Reaction 5). This binding is dependent on two
proteinaceous factors called Tu and Ts, present in the
soluble fraction of the cell. Again GTP is required for
this binding. Apparently an aa-tRNA-Tu-GTP complex
is formed before binding of the aa-tRNA to the ribo
some, the formation of which is catalysed by Ts (Fig. 1,
Reaction 5a). As soon as the initiator and second aa
tRNA are bound adjacently to the ribosome, the first
peptide bond can be formed (Fig. 1, Reaction 6). This is
catalysed by peptidyl synthetase, a ribosomal protein that
forms an integral part of the 50S subunit. Studies with
antibiotics, presented by Vazquez et al.,' suggest that
there is only one peptidyl synthetase centre on each 50S
subunit.

After formation of the peptide bond, a Tu-GDP com
plex and Pi is released from the ribosome (Fig. 1, Reac
tion 6). Lengyel et al.' studied the fate of this complex.
They have shown that a Tu-GTP complex is reformed
in the presence of GTP, and GDP is released (Fig. 1,
Reaction 6a). This is catalysed again by Ts. Subsequently
an aa-tRNA-Tu-GTP complex is formed (Fig. 1, Reac
tion 6b) which can again be bound to the A-site of the
ribosome (Fig. 1, Reaction 8). This site has become UBOC

cupied, since the tRNA, carrying the peptide chain after
formation of the peptide bond, is translocated from the
A-site to the P-site in the presence of GTP and the G
factor (Fig. 1, Reaction 7). (GTP is hydrolysed to GDP
and Pi during this process; the G-factor is a proteina
ceous component of the soluble fraction of the cell.) The
second peptide bond can now be formed, and the cycle
is then repeated until the synthesis of the protein is com
pleted.

3. Chain Termination
After formation of the last peptide bond, the complete

protein is bound to the tRNA which carried the amino
acid now present at the C-terminal of the protein. The
termination reaction consists of two events: firstly, the
recognition by the ribosome of the terminating signal
on the mRNA and, secondly, the hydrolysis of the ester
bond between the terminal ribose residue of the tRNA
and the carboxyl group of the C-terminal amino acid.

Capecchi and Klein9 have shown that in E. coli three
proteins, designated R" & and a, are involved in chain'
termination (Fig. 1, Reaction 9). These factors are able
to recognize the terminating signals on the mRNA (the:
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codons UAA, UAG and UGA). R, mediates release of
a polypeptide from the ribosome in the presence of U AA
and UAG codons, whereas Rz mediates the release in the
presence of UAA or UGA codons. Two models for codon
recognition were considered. In one, the terminating sig
nal is read directly by the release factor molecule; in
the other a ribosomal component interacts with the termi
nating signal and the resulting complex selects an appro
priate release factor molecule to complete the termination
reaction.

Equilibrium studies, using purified Rt, Rz and a factors
and radioactive oligonucleotides in the absence of ribo
somes, demonstrated that the release factors themselves
can recognize nucleotide sequences containing the chain
terminating codons UAA, UAG and UGA. R, and a
in combination show a much higher affinity for the oligo
nucleotides CUGA, GUAA and CUAA than for CUAG,
GCAA and UCAA. Of the latter set, CUAG and GCAA
showed no detectable binding and UCAA gave rise only
to a low level of apparent misreading. These results were
considered to indicate that a R...-a complex has the capa
city to recognize specific nucleotide sequences containing
the chain terminating UAA and UGA codons.

In additon to these results of Capecchi and Klein,.
Caskey et at.'· presented evidence that a (designated S by
the latter authors) facilitates the binding of R, and R, to
ribosomes without specificity for only one of these factors
or for trinucleotide codons. The a-factor alone has no
ability to bind radioactive trinucleotides to the ribosomes,
or to affect peptide release.

Hydrolysis of the nascent peptidyl-tRNA could be
achieved by Caskey et at,'· upon addition of R. and Rz
to a F-met-tRNA-AUG-ribosome complex if the reaction
mixture contained 20% ethanol. This hydrolysis required
potassium or ammonium ions and 70S ribosomes, while
F-met-tRNA had to be in the P-site of the ribosome. The
reaction was inhibited by antibiotics which als.o inhibit
the activity of peptidyl synthetase. It was thus not possible
to dissociate the release and the peptidyl synthetase acti
vities and it is therefore still unclear whether both R
facto~ and peptidyl synthetase participate in the hydroly
sis of nascent peptidyl-tRNA.

After release of the completed protein from the ribo
some, the latter apparently still exists in its 70S fo~m.

Algranati et al." isolated a factor (designat~d DF) w~ch

can stimulate the dissociation of the 70S nbosomes mto
30S and 50S subunits, which then become available for a
new cycle of protein synthesis (Fig. 1, Reaction 10).
Whether DF is similar to an initiation factor is still un
clear (compare chain initiation). The dissociation of the
70S ribosomes mediated by DF is stimulated by GTP
while ATP, CTP and UTP do not give this effect. GDP
is also active but GMP is inhibitory.

DISCUSSION

From the results discussed above it is clear that the
process of protein biosynthesis occurs as a cyclic proce~s,

as illustrated in Fig. 1. The ribosome enters the cycle m
subunit form during chain initiation, and stays in the 70S
form during chain elongation and probably chain termina
tion, whereafter it again dissociates into subunits which
then become available for a next cycle.

It is furthermore clear that a number of structural com-·
ponents of the ribosome, mainly of a proteinaceous nature.
are involved in the translation of the mRNA. Most of these
factors (e.g. E, F, and F,) are more or less loosely bound.
to the ribosome, while the peptidyl synthetase forms an
integral part of the structure of the 50S ribosomal subunit.

Although the main pathway of protein biosynthesis is.
now fairly well established, a considerable number of
unsolved problems still remain. What, for example, are the
functions of the great number of ribosomal proteins?
Experiments on reconstituted ribosomes as developed
by Nomura" might help to clarify this problem. Precise
physical and chemical characterization of these proteins
may also be expected in the near future.

Some discrepancies on the role of GTP in protein
synthesis also exist:

1. Although Thach and Thach6 found that GTP is
hydrolysed during the junction step in chain initiation,
other authors'" noticed some hydrolysing activity in the
F-met-tRNA-mRNA-30S complex.

2. An alternative function for the role of GTP in chain
elongation was suggested by Leder et al," According to
these authors GTP is used for the release of the de
acylated tRNA from the P-site of the ribosome after
formation of the peptide bond. As soon as the P-site be
comes unoccupied the translocation reaction occurs, which
would be an intrinsic function of the ribosome if the P
site is open. GTP would thus be used for release of the
de-acylated tRNA instead of for the translocation of
peptidyl tRNA from the A-site to the P-site.

Althouoh most of the results described were obtained
with bact~rial systems, some significant results on protein
synthesis in mammalian systems were also presented.
Marcker and Smith" and Wilson15 showed that methionyl
tRNAF also acts as chain initiator of haemoglobin syn
thesis in reticulocytes, although it is not formulated. The
details of the latter synthesis still remain to be established,
however, and much more attention to protein synthesis
in eucaryotes may be expected in the near future.

I wish to thank the South African Medical Research Council,
Potchefstroom University and Ciba (Pty) Ltd for financial
support to attend the congress.
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