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1. Introduction

The generally accepted ribosome model {1, 2],
recently supported by sophisticated experimental
evidence [3, 4], assumes two tRNA binding sites
on the 70 S particle. This model furthermore pro-
poses that the peptidyl group is transferred from
peptidyl-tRNA in the donor site to the amino
group of the AA—tRNA in the neighbouring accep-
tor site by virtue of a pepiidyi transferase {5].
Various experimental observations [6—9], how-
ever, have suggested additional binding sites for
AA—tRNA:s. In order to ascertain the number of
tRNA binding sites and their function, initiation
complexes coded by the mRNA of bacteriophage
fr were studied [10]. According to results with the
RNA from a ciosely reiated bacteriophage {ii] it
could be expected that ribosomes would bind pri-
marily at the beginning of the coat protein cistron
of this RNA, and therefore, that each tRNA bind-
ing site would contain a codon for a different amino
acid. Fractionated 30 S and 50 S subunits from E.
coli ribosomes, initiation factors F,, F,, F;, and
f[*H] Met—tRNA{Met . were prepared and com-
bined with fr RNA and GTP to form 70 S initiation

comnlexes [17] These were used for bindine stu-
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dies with elther total tRNA, charged with single
14C-labelled amino acids, or in subsequent experi-
ments with fractionated elongation factors T, and
T, and purified tRNA fractions capable of accepting

oniy one of the foliowing amino acids: Aia, Asn, Glu,

Phe, or Ser. Bound AA— or peptidyl-tRNAs were

assaved bv adsorntion of ribosomal comnplexses to
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cellulose nitrate filters [13]. The products were
analysed by thin-layer electrophoresis after hydro-
luraic Aftha anmmslavan in allralicna anlhitine Racidag
lyblb Ul Ul bUlllPchcb 111 alRnaliliv DUIULIVIL. DUDIULY
Ala, Asn, fMet, and Ser only the one dipeptide,
fMet—Ala was found. Several further observations
made with this system are briefly reported which
support a four-site-model of ribosomal function.

Ribosomes and initiation factors F, | F,, and F,
were prepared from E. coli MRE 600 accordlng to
Revel et al. [14]. Factor F, was purified further
by chromatography on phosphocellulose {15],
factor F, by chromatography on hydroxylapatite
[16]. Transfer factors T, T, and G, were sepa-
rated on DEAE-Sephadex A-50 [17]. Bacterio-

phage fr was srown under lvsis-inhibitine condi-

prage i Was piUWIR Bl 1y SasmaldlaUitalip VAL

tions [18], and the RNA extracted by phenol-
sodium dodecyl sulphate treatment [19].30 S
and 50 S ribosomal subunits were separated in an
MSE Type B XV zonal rotor [20]. tRNA frac-
tions accepting either Ala, Asn, fMet, Glu, Phe
or Ser were prepared from E. coli tRNA (Schwarz

RigRecearch) by raversaed nhase chromatoaranhv
ARVIANCSVaIlii ) Uy i0Vvisvu pliasy VilUiliaivpiapiiy

[21] and/or benzoylated DEAE-cellulose [22].

Product analysis was performed by electrophoresis

on MN 300 cellulose thin-layer plates (Macherey

and Nagel, Diiren) by a modified procedure of

Capecchi [23].

* Dedicated to Professor K. Mothes at the occasion of his
70th birthday.
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Table 1
Specificity of AA—tRNA binding coded by natural mRNAs.
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Table 2
Characteristics of the fr RNA-coded binding of fMet—
and Asn—tRNA.

October 1971

AA- +fr RNA* -fr RNA
{RNA blanks System fMet—tRNA Asn—tRNA
bound bound
(pmole/ml) (pmole/ml) (pmole/ml)

Ala— 24.8 5.2 Complete 18.0 18.1
Arg— 1.0 9.7 -308 1.4 1.5
Asn— 24.1 4.5 -508 11.0 1.8
Asp— -1.1 4.3 ~Init. factor f; (A) 5.0 8.1
Cys— 0.7 5.8 -Init. factor f3 (B) 5.7 1.4
Gin— 0.8 9.6 ~Init. factor f5 (C) 5.1 0.2
Glu— 0.0 5.4 -fr RNA 4.5 3.0
Gly— -1.8 3.1 -fMet—tRNA - 4.3
His— -0.3 3.8 -Asn—tRNA 20.8 -

Ile 1.4 3.9 -GTP 4.3 1.0
Leu— 0.3 3.2 +GMP-PCP 17.0 1.8
Lys— 0.2 1.5 -GTP, + GMP-PCP 7.6 1.0
Met— 24.6 7.8 -GTP, -50 S 4.5 0.8
Met 0.7 4.2 -GTP, +GMP-PCP, -50 S 4.8 0.4
Phe— 3.1 14.3 +0.04 mM NEM 4.2 1.0
Pro— 0.2 4.2 +0.5 mM fusidic acid 16.2 9.1
Ser— 19.2 11.7 +1.5 mM fusidic acid 7.7 0.6
Thr— 0.1 1.0 +1.0 mM amicetin 18.1 18.6
Trp— 1.1 2.2

50 ul reaction mixtures contained 30 pmole ff3H] Met—

Tyr- 0.3 5.6 tRNA (2.6% charged with [*H]Met, 5400 Ci/mole), 30
Val— 0.9 7.8 pmole [MC] Asn—tRNA (2.0% charged with [14C] Asn,

Duplicate 50 ul reaction mixtures contained 50 mM Tris
HCl pH 7.5, 80 mM NH4Cl, 10 mM MgCl,,.0.4 mM GTP,

7 mM g-mercaptoethanol, 30 pmoles f[>H] Met—tRNA
(2.6% charged with [3H] Met, 5400 Ci/mole) and 30 pmoles
tRNA charged with one [MC] amino acid, 16 pmoles of
both 30 S and 50 S ribosomal subunits, 5 ug factor F,
(DEAE-cell), 10 ug factor F5 (DEAE-cell), and 6 ug factor
F3 (DEAE-cell). Alternate tubes contained 20 pmoles phage
mRNA. After a 15 min incubation at 37°, the binding was
assayed by filtration through Schleicher & Schiill Selectron
filters (0.45 um pore size) and by counting in a Tricarb
liquid scintillation spectrometer (efficiencies for 3= 14%
and 'C = 35%).

* minus mRNA blanks subtracted.
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218 Ci/mole), 25 pmole fr RNA, 7.5 ug factor F; (DEAE-
cell), 15 ug factor F5 (DEAE-cell), 9 ug factor F3 (DEAE-
cell) and where indicated 0.4 mM GMD. Further com-
ponents and method of assay were as in the legend to
table 1.

3. Results and discussion

In the cell-free system described under table 1,
fr RNA stimulated the binding of roughly equi-
molar amounts of Ala—, Asn—, fMet—, and Ser—
tRNAs (see table 1). No other AA—tRNAs were
coded except a trace amount of Phe—tRNA which,
however, completely disappeared in later experi-
ments with more highly purified initiation factor
preparations. The AA—tRNAs bound under these
conditions correspond to the first four amino acids



Volume 17, number 2 FEBS LETTERS October 1971

Table 3
The dependence of the binding of the first three elongator-tRNAs on the transfer factors Tyand T
- ~(Ty + Ty + Ty +TY
AA—tRNA -ftRNA  +frRNA N -fr RNA +r RNA A
(pmole/ml) (pmole/ml)
Met— 8.2 26:3 18.1 6.9 25.2 18.3
Ala— 5.0 4.6 -0.4 5.7 - 214 15.7
Ser— 7.6 8.5 0.9 10.3 28.0 17.7
Asn— 33 3.9 0.6 4.8 21.9 17.1

50 ul reaction mixtures contained S mM MgCl 120 pmole fractionated f]| [ H] Met—tRNA (41% charged with L H]Met, 100
Ci/mole), and either 120 pmole fractionated [ JAla —tRNA (4.5% charged with [ lAla 156 Ci/mole), [ 1*C]Ser—tRNA
(4.7% charged with [ C]Ser, 153 Ci/mole) or [ C]Asn—tRNA (3.5% charged with [ C] Asn, 218 Ci/mole), 1 ug factor Fy
(P-cell), 0.7 ug factor F, (hydroxylapatite), 13 ug factor F3 (DEAE-cell). Where indicated, reaction mixtures also contained
20 ug Ty, 1 ug T and 25 pmole fr RNA. Further components were as in the legendto table 1.

Table 4
Test of the model by studies of binding of fractionated elongator—AA—tRNAs to ribosomes translocated into
different positions on the mRNA.

Composition of f[>H)Met—tRNA [}4C) Asn—tRNA* ['*C]Phe—tRNA* (**C]Glu—tRNA*
preincubation re- (pmole/ml) (pmole/ml) (pmole/ml) (pmole/ml)
action mix tures ~ffRNA  +rRNA —frRNA +fRNA -frRNA +frRNA -frRNA  +frRNA
f[3H] Met—tRNA 6.2 22.0 49 18.0 16.3 15.9 3.8 4.3
f[>H]Met—tRNA 5.8 20.7 6.9 22.8 16.9 17.8 - -
Ala—tRNA
f[>H] Met—tRNA 6.3 26.9 - - 15.8 31.6 4.2 5.6
Ala—tRNA
Factor G
f[>H] Met—tRNA 59 24.7 - - - - 2.5 5.3
Ala—tRNA
Ser—tRNA
Factor G
f[>H] Met—tRNA 7.2 24.6 6.2 20.3 18.4 16.3 6.3 5.8
Ala—tRNA
Ser—tRNA

Factor G, amicetin

500 ul preincubation reaction mixtures contained 5 mM MgCl,, 1.2 nmole f] [3H] Met—tRNA (41% charged with [3H]Met, 100
Ci/mole), 160 pmole of both 30 S and SO S subunits, 10 ug factor Fy (P-cell), 7 ug factor F5 ¢(hydroxylapatite), 130 ug factor
F3 (DEAE-cell), 200 ug factor Ty, 10 pg factor T and, when indicated 1 nmole Ala—tRNA (4.5% charged with Ala, as con-
cluded from a parallel charging with labelled Ala), 1 nmole Ser—tRNA (4.7% charged with-Ser, as concluded from a parallel
charging with labelled Ser), 400 ug factor G, 1 mM amicetin. Two tubes for each of the com{;lexes were preincubated for 15
min at 37°, one containing 250 pmole fr RNA and the other no fr RNA. 100 pmole of the | C] AA—tRNAs given in the table
were then added individually to 50 ul aliquots of the preincubation mixtures; the concomitant change in ionic conditions was
corrected, and the binding assayed after a further 15 min incubation at 37°. Other conditions as in the legend to table 1.
* All reaction mixtures finally contained f[ H]}Met—tRNA and one [ C] AA-tRNA. If the binding of more than one

[ C] AA—tRNA was measured, this was performed in parallel mixtures,
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Fig. 1. Electrophoretic separation of amino acids and pep-
tides released from the initiation complex by hydrolysis. 250
ul reaction mixtures contained 300 pmole fractionated
f[3H] Met—-tRNA (41% charged with [3H] Met, 100 Ci/mole),
300 pmole Ala—tRNA (4.5% charged with Ala, as concluded
from a parallel charging with labelled Ala), 300 gmole frac-
tionated ['*C]Ser=tRNA (9.5% charged with [**C]Ser,

153 Ci/mole), 100 pmole of both 30 S and 50 S subunits,

5 pg factor Fy (P-cell), 3.5 ug factor F, (hydroxylapatite),
65 ug factor F3 (DEAE-cell), 100 ug factor Tu; and S ug
factor T. Ionic conditions were a5 in table 3. The first tube
contained in addition 100 pmole fr RNA. After incubation
for 15 min at 37°, the tubes were cooled in ice and the ribo-
somal complexes pelletted by centrifugation for 2.5 hr at
150,000 g. The supermatant was removed and the pellet
treated with 0.5 ml 1 N NaOH for § hr at room temperature.
The hydrolysate was then lyophilised and dissolved in 10 ug
of an aqueous solution containing 50 nmole fMet, fMet—Ala,
fMet—Ala-Ser, Ser and Asn. S ul were applied in 1ul ali-
quots to a line drawn along the middle of 2 20 cm X 20 cm
cellulose thin-layer plate. Electrophoresis was for 1 hr at 800
V in a Varsol tank cooled to 5°. The buffer system was
according to Capecchi [23]. The thin-layer plate was then
dried and cut into strips, 1 cm wide; parallel to:the direction
of migration. These were then cut every 0.5 cm perpendicu-
lar to the direction of migration and counted in a Packard
scintillation counter. The strips containing the NH;-blocked
markers were sprayed with an iodine azide-starch solution
[25], and the others with ninhydrin.

of the aminoterminal sequence of the fr coat protein:
fMet—Ala—Ser—Asn—Phe—Glu... [24] . This specificity
and the approximate equimolarity suggest that bind-
ing of the 3 elongator tRNAs occurs next to the
initiator—tRNA on the same riboseme. This conclu-
sion was supported by the demonstration that stoichio-
metric amounts of both fMet—tRNA and labelled fr
RNA are bound to a 70 S complex [12].

218

pmotes labelled amino acid residues / (0.5cm section, 50pmoles(305+505)ribosomes

Fig. 2. Electrophoretic¢ analysis of hydrolysafes,of initiation -
complexes. 250 ul reaction mixtures contained the following.
AA~tRNAs: A and B, 600 pmole fractionated f[*H]Met—
tRNA (41% charged with {“H]Met, 100 Ci/mole), 500 pmole
fractionated Ala—tRNA (see fig. 1), 500 pmole fractionated
[1*C] Ser—tRNA (9.5% charged with [1*C]Ser, 153 Ci/mole)
C and D, 600 pmole f{>H] Met—tRNA (as above)-and 500
pmole ['*C] Asn—tRNA (6.9% charged with ['*C] Asn, 218
Ci/mole). A and C also contained 100 pmole fr RNA. Ionic '
conditions as given under table 3, Electrophoresis was carried
out for 45 min at 800 V, otherwise. as indicated under ﬁg_ L.

Characteristics of fr RNA-coded rfMéte.and Asn—
tRNA binding are shown'in table 2:-Asn~tRNA bind-

"ing was dependent on the-presence of both ribosomal

subunits, fMet—{RNA, the three initiation factors, -
GTP; and fr RNA. It was inhibited by guanylyl-meth-

~.enyl-~diphosphonate {GMD), NV-ethyl maleimide -

(NEM), or fusidic acid, all of which can act as trans-
location inhibitors. It was not affected by the transfer
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inhibitor amicetin. The:transfer factors T, and T,
were presumably contained in the F, factor pre-
paration used in the experiments documented by
tables 1 and 2, since later results (table 3) showed
that the binding of Ala—, Asn— and Ser—tRNAs was
strictly dependent on T, and T, whereas fMet—
tRNA binding was unaffected by these factors.

The possibility still remained that the Asn—tRNA
binding might be due to a residual amount of G fac-
tor on the ribosome allowing formation of the tri-
peptidyl—tRNA into the donor site, and the sub-
sequent binding of Asn—tRNA in the acceptor site.
Peptide analysis, however, showed that no tripep-
tide was synthesized (fig. 1) and that all the ['*C]
Ser was electrophoresed as free Ser towards the
cathode (fig. 2A). Likewise, Ala {12] and Asn (fig.
2C) were found as free amono acids; fMet and Ala
were, however, partly converted into fMet—Ala (fig.
2A), the only peptide formed in this system [12].
Part of the Asn was found to be converted into Asp
in the reaction mixtures (fig. 2C).

Further support for the four-site-model was ob-
tained by translocation experiments with fraction-
ated AA—tRNAs free of relevant mutually cross-
contaminating acceptor activities. Transfer and
translocation events could thus be stopped at certain
points by omission of one or two AA—tRNA pre-
parations required for a continuous mRNA transla-
tion. Binding of Phe—tRNA could be demonstrated
in the presence of G factor, fMet— and Ala—tRNAs
(table 4), when both Ser— and Asn—tRNAs had
been omitted. Glu—tRNA binding occurred only
when Ser-tRNA was included in addition to fMet—
and Ala—tRNAs. In this experiment, Asn— and
Phe—-tRNAs were absent; fMet—Ala—Ser—tRNA
had presumably been formed and translocated into
the donor site. Both Phe— and Glu—tRNA binding
could be prevented by the transfer inhibitor amicetin;
binding of Asn—tRNA, however, was not affected.
The evidence reported here suggests that E. coli
ribosomes have three decoding sites in addition to
the donor site. These function in coded AA—tRNA
binding only in the presence of T factor. The nega-
tive evidence obtained by others [3, 4, 26] in res-
pect to two of the three decoding sites could possi-
bly be explained by: (1) different purity and pro-
perties of the ribosome preparations, (2) differences
in the AA—tRNA preparations, (3) inhibitory side
effects of the anti-G-immunoglobulin fraction.
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