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Studies on the Role of Guanosine Triphosphate in Polypeptide 

Chain Initiation in Escherichia coli * 

(Received for publication, November 8, 1971) 

JERRY S. DUBNOFF,~ ARTHUR H. LOCKWOOD,§ AND UMADAS MAITRA~ 

From the Department of Developmental Biology and Cancer, Division of Biology, Albert Einstein College of 
Medicine, Bronx, New York IO&l 

SUMMARY 

1. The formation and properties of the 30 S initiation com- 
plex and its subsequent conversion to the 70 S initiation com- 
plex have been studied. The 30 S polypeptide chain ini- 
tiation complex contains fMet-tRNA and intact GTP in 
equimolar amounts. Incorporation of both species into the 
complex requires mRNA (f2 RNA, poly(U, G), or A-U-G) and 
large amounts of initiation factor IF 2. Initiation factor IF 1 
stimulates 30 S complex formation. 

of initiation. Release of GTP and IF 2 also serves to “un- 
block” fMet-tRNA for peptidyl transfer. 

2. Addition of 50 S subunits to the isolated 30 S complex 
results in the hydrolysis of all bound GTP to GDP and Pi. 
In the absence of 50 S subunits, no hydrolysis occurs. Con- 
currently a 70 S couple is formed and fMet-tRNA in the 
complex becomes available for peptidyl transfer. 

An obligatory intermediate in the initiation of protein synthesis 
in bacteria is an mRNA-30 S subunit-fMet-tRNA complex (30 S 
initiation complex). A 50 S subunit joins this complex to form 
a 70 S initiation complex (1). The initiation process requires 
GTP and several protein factors which can be extracted from 
ribosomes by treatment with 1 M NH&l solution. Three such 
initiation factors have been purified (2-6).l 

3. Under appropriate conditions the 30 S complex can be 
depleted of its complement of GTP while retaining a full 
complement of fMet-tRNA. GTP released in this manner 
remains intact. Such a GTP-deficient 30 S complex can still 
accept 50 S subunits to form a 70 S couple and can still donate 
fMet into peptide linkage. 

A first step in 30 S complex formation may be attachment of a 
30 S subunit to an initiation signal on mRNA to form a 30 S- 
mRNA complex (7). This would be followed by binding of 
fMet-tRNA and GTP. Recent evidence suggests that this 
binding may be mediated by IF 2 (8, 9). 

IF 2 + GTP + fMet-tRNA -+ (IF 2 - GTP - fMet-tRNA) 

4. At the low (catalytic) levels of factor IF 2 necessary for 
GTP-dependent 70 S initiation complex formation using a 
mixture of ribosomal subunits, 5’-guanylyl methylene diphos- 
phonate (GMP-PCP) does not replace GTP. At the high 
(stoichiometric) levels of IF 2 necessary for GTP-dependent 
30 S initiation complex formation, GMP-PCP can substitute 
for GTP in promoting 30 S complex formation. The GMP- 
PCP-stimulated 30 S complex can then accept a 50 S subunit 
to form a 70 S couple. However, this complex is inactive in 
subsequent peptidyl transfer. 

This ternary complex transfers both fMet-tRNA and GTP to 
the 30 S-mRNA complex in the presence of factor IF 1 to form 
the 30 S initiation complex (9). 

30 S-mRNA + (IF 2-GTP-fMet-tRNA) 3 

(mRNA, 30 S, GTP, fMet-tRNA, IF 1, IF 2) 

Recent reports have also indicated the presence of both GTP 
and IF 1 in the 30 S initiation complex (10, 11). 

5. A model for the initiation process is presented which 
suggests that a GTP-dependent translocation of fMet-tRNA 
does not occur. Rather, it is postulated that fMet-tRNA 
binds directly to the donor site equivalent on the 30 S sub- 
unit. Upon 50 S addition, a 70 S couple is formed. GTP 
hydrolysis serves to release IF 2 and GTP from the initiation 
complex. Released IF 2 recycles to catalyze another round 

These observations suggest that the function of IF 2 in initia- 
tion may be analogous to that of factor T in peptide chain elonga- 
tion. T factor catalyzes the binding of AA-tRNA to the ribo- 
somal A site via the intermediate formation of a factor T-GTP- 
AA-tRNA complex (12-14). Concomitant with the binding of 
AA&RNA to the 70 S ribosome GTP is hydrolyzed to GDP + 
Pi (14-16). Similarly, during the over-all initiation process, 
GTP is hydrolyzed to GDP + Pi. It is presently uncertain at 
which step in initiation complex formation this hydrolysis of 

* This work was supported by grants from the National Insti- 
tutes of Health, the American Heart Association, and the Life 
Insurance Medical Research Fund. 

$ Predoctoral Medical Scientist Trainee., 
$ Predoctoral Trainee of the United States Public Health Serv- 

ice. 
7 Established Investigator of the American Heart Association. 

2E 

1 In accordance with a recent nomenclature agreement, this 
paper employs the designations IF 1, IF 2, and IF 3 for these fac- 
tors. They correspond to FI, FIII, and FII as described in 
previous reports from our laboratory (2-4), to F 1, F 2, and F 3 
as described in reports from Ochoa’s laboratory and to A, C, and 
B as designated by Revel et al. (6). 
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GTP occurs. According to one report the cleavage of GTP 
takes place during the formation of the 30 S initiation complex 
(17). Other results indicate that GTP hydrolysis occurs to- 
gether with or immediately following upon addition of the 50 S 
subunit to the 30 S complex (18). 

IF 2 has been shown to possess a ribosome-dependent GTPase 
activity which is maximal in the presence of the other compo- 
nents of initiation, i.e. mRNA, fMet-tRNA, and IF 1 (18-19). 
Both ribosomal subunits are required for this hydrolysis. IF 2 
thus appears to be responsible for hydrolysis of GTP during 
initiation. The hydrolysis of GTP by IF 2 during initiation has 
has also led to the suggestion that IF 2 may function in a manner 
analogous to that of G factor in polypeptide chain elongation, 
and may catalyze the GTP-dependent translocation of fMet- 
tRNA into the P site of the ribosome from some other ribosomal 
site. 

tion the GTP concentration was lowered to 0.2 mM unless other- 
wise specified. Incubation was for 15 min at 25”. After incuba- 
tion the mixtures were chilled and diluted with 3 ml of cold buffer 
of the same composition as was present in the reaction mixture. 
The diluted solutions were filtered t,hrough nitrocellulose mem- 
branes under reduced pressure. The membranes were washed 
with 6 ml of buffer, dried, and counted in a liquid scintillation 
counter. 

Alternatively, binding could be measured by sucrose gradient 
centrifugation. After incubation, 0.1.ml aliquots of reaction 
mixtures were layered on 5.3 ml of preformed 5 to 20y0 sucrose 
gradients containing reaction buffer. The tubes were then 
centrifuged at 5” for 85 min at 55,000 rpm in an SW 65 rotor. 
Under these conditions, 70 S, 50 S, and 30 S ribosomes were re- 
solved from one another. Fractions of 0.2 ml were collected 
and counted in Bray’s solution. 

The experiments described in this paper are designed to eluci- 
date further the requirements for 30 S complex formation, its 
subsequent transformation to the 70 S initiation complex and 
the role of GTP in these processes. 

Evidence is presented that GTP, which is required for 30 S 
initiation complex formation, remains intact in the 30 S complex. 
Hydrolysis occurs only upon addition of 50 S subunits. Condi- 
tions have been found which permit the selective removal of 
intact GTP from the 30 S complex. fMet-tRNA in such a GTP- 
deficient 30 S complex is still available for peptidyl transfer upon 
addition of 50 S subunits. These results indicate that only the 
removal and not the hydrolysis of GTP is required for correct 
positioning of fMet-tRNA in the donor site. Thus, it is likely 
that an energy-dependent translocation event does not occur 
during initiation. A model for the initiation process compatible 
with our data and that of others is presented. 

Assay of Initiation Complex Formation by Xephadex G-100 Gel 
Filtration-Reaction mixtures for initiation complex formation 
were set up as described above. After incubation 0.1.ml aliquots 
of the mixtures were applied to columns (20 x 0.5 cm) of Sepha- 
dex G-100 equilibrated at 5” with the reaction buffer (22). The 
column was developed with the same reaction buffer. Fractions 
of 0.15 ml each were collected and counted in Bray’s solution. 

Assay of GTP Hydrolysis-Hydrolysis of GTP was determined 
by a modification of the method of Conway and Lipmann (23) as 
described in the preceding paper (18). 

Assay of fiMet-Puromycin Format&r,--Puromycin (50 nmoles) 
was added to 0.11 ml of initiation reaction mixture and the mix- 
ture was incubated 5 min at 37”. Formation of fMet-puromycin 
was measured by the method of Leder and Bursztyn (24). 

RESULTS 

EXPERIMENTAL PROCEDURE 
Formation of SO S Initiation Complex 

Materials 

Various nucleotides, tRNA species, initiation factors, and ribo- 
somes were obtained as described previously (4). f2 phage was 
prepared by the method of Webster et al. (20). f2 RNA was pre- 
pared according to the method of Roufa and Leder (21). Puro- 
mycin hydrochloride was purchased from Nutritional Biochemi- 
cals. A-U-t3H]G was prepared from A-U (Miles Laboratories) 
and [“H]GDP using purified polynucleotide phosphorylase in the 
presence of Tl ribonuclease. The final specific activity was 105 
cpm per pmole of A-U-rH]G. Purified polynucleotide phospho- 
rylase was a gift of Dr. Maxine Singer of the National Institutes 
of Health. 

Methock 

Binding of fMet-tRNA in SO S Complex-Sucrose density 
gradient centrifugation analysis was employed in order to study 
the formation of the intermediate in the initiation reaction, the 
(fMet-tRNA-30 S-mRNA) complex, since this method gave more 
reproducible results than Millipore filtration in experiments with 
isolated 30 S subunits. Fig. 1A shows sucrose gradient analyses 
of reaction mixtures containing 30 S or 50 S subunits alone, and 
both subunits in combination, all of which also contained the 
three initiation factors, GTP, poly(U, G), and frH]Met-tRNA. 
When 30 S subunits were used alone, a small peak of bound fMet- 
tRNA was observed in the 30 S region of the gradient. The 
50 S subunits alone were completely inactive. When both sub- 
units were added, bound fMet-tRNA appeared in the 70 S region, 
in a markedly greater amount than was present at 30 S in the 
absence of 50 S particles. 

Assay of fMet-tRNA Binding to Ribosomes-Reaction mixtures 
(0.11 ml) contained 50 mM Tris-HCl (pH 7.8), 2 mM 2-mercapto- 
ethanol, 0.1 M NH&I, 2 mM GTP, 1 &cO unit of tRNA charged 
with [methyZ-3H]methionine in the presence of formyl donor 
(20 to 30 pmoles of fMet-tRNA, specific activity 1500 to 1800 
cpm per pmole of methionine), initiation factors, and salt-washed 
ribosomes (2 AS60 units of unfractionated ribosomes or 0.7 A2e0 
unit of 30 S subunits, and 1.4 At60 units of 50 S subunits). For 
poly(U, G)-directed binding, 0.04 A260 unit of poly(U, G) was 
added and 10 mM Mg(OAc)z was present. For f2 RNA or A-U-G 
codon-directed binding, 100 pmoles of f2 RNA or 0.04 AzeO unit 
of A-U-G were used and 5 mM Mg(OAc)z was present. In addi- 

I f  IF 3 was omitted (Fig. IB), binding at 70 S in the presence 
of 30 S and 50 S subunits was markedly reduced, in agreement 
with results obtained using unfractionated ribosomes. Again, 
no binding was seen with 50 S subunits alone. However, when 
30 S subunits alone were used, more fMet-tRNA was bound at 
30 S than was observed in t.he presence of IF 3. Binding at 70 S 
in the presence of both subunits was also dependent upon IF 1, 
GTP, and poly(U, G) (not shown) in agreement with results ob- 
tained using unfractionated ribosomes. 

The experiments described above employed the amounts of 
factors used in standard binding assays, namely 0.15 pg each of 
IF 1 and IF 3 and 0.05 pg of IF 2. When considerably larger 
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FIG. 1. Binding of fMet-tRNA to ribosomal subunits. Reac- 
tion mixtures were as described in “Experimental Procedure” for 
fMet-tRNA binding assays. Substituted for unfractionated salt- 
washed ribosomes were 0.7 &,o unit of 30 S ribosomal subunits and 
1.4 A260 units of 50 S ribosomal subunits. Binding of f[3H]Met- 
tRNA was determined by sucrose gradient centrifugation as 
described in “Experimental Procedure.” Upper panel, complete 
system (0.15rg of IF 1 + 0.15 Mg of IF 3 + 0.05pg of IF 2); lower 
panel, omit IF 3. 

quantities of each factor were tested separately IF 2 promoted a 
marked increase in the 30 S peak of bound fMet-tRNA (Table I, 
Experiment A). IF 1 was inactive when tested alone, and in the 
presence of IF 3 less fMet-tRNA was bound than occurred with- 
out any factor. The IF 2-promoted increase in fMet-tRNA 
bound at 30 S was dependent upon the presence of poly(U, G) 
and of GTP (Table I, Experiment B). This binding was some- 
what stimulated by IF 1 (Table I, Experiment C). IF 3 ap- 
peared to be inhibitory, with 0.3 pg bringing about a decrease of 
bound fMet-tRNA and with 0.7 pg abolishing the peak almost 
completeIy (Table I, Experiment C). The presence of IF 1 
(0.5 pg) did not influence the apparent inhibition by IF 3. The 
apparent destabilization of the binding of fMet-tRNA to 30 S 
subunits by IF 3 will be discussed in a subsequent section. 

The binding reaction at 70 S required catalytic amounts of IF 2 
(Table II). For example 0.55 pmole of IF 2 cataIyzed the bind- 
ing of 5.7 pmoles of fMet-tRNA in the presence of 30 S and 50 S 
subunits. The reaction was a time-dependent process at 37” 
(not shown). By contrast, the binding reaction with isolated 
30 S subunits required much more IF 2 and catalytic function 
could no longer be inferred. Binding to 30 S appeared to require 
stoichiometric or greater amounts of IF 2. For example 8 pmoles 
of IF 2 promoted the binding of only 2.2 pmoles of fMet-tRNA 
to 30 S subunits (Table II). The 30 S binding reaction was com- 
plete after 1 min of incubation (not shown) with the quantity of 
IF 2 determining the yield of bound fMet-tRNA (Table II). 

There is an indication, therefore, that IF 2 might act stoichio- 
metrically in binding IMet-tRNA to 30 S subunits and be re- 
leased to act catalytically upon the addition of 50 S subunits. 

Binding of GTP in SO S Initiation Complex-The requirement 
for GTP for the IF 2-promoted binding of fMet-tRNA to the 

[aH]Met-tRNA bound 
to 30 S subunit 

TABLE I 
Requirements for binding jMet-tRNA to SO S subunit 

Reaction mixtures were as described in “Experimental Pro- 
cedure” for poly(U, G)-directed fMet-tRNA binding to 30 S sub- 
units. Factor additions or omissions of other components were 
as indicated in the table. Binding of f[aH]Met-tRNA (specific 
activity 1500 cpm per pmole of methionine) to 30 S subunits was 
determined by sucrose density gradient centrifugation as de- 
scribed in “Experimental Procedure.” 

Additions 

Experiment A 
None................................... 
IF 1 (0.4@g). . . . . _....__............... 
IF2 (l.O@g) . . . . . . . . . . . . . . . . . . . ..t..... 
IF3 (0.15pg)... .._....._......... 

Experiment B 
Complete (1.0 fig IF 2) . . 
Omit GTP. . . . . . . . . . . . . 
Omit poly(U, G). 

Experiment C 
IF 2 (1.0 pg) alone. . . . . . . 
+ IF 1 (0.75 pg). . . . . . . 
+ IF3 (0.15rg) ._....._ _....__....._.. 
+ IF3 (0.75pg).. . . . . . ..__...._....... 
+ IF 1 (0.15 pg) + IF 3 (0.75 /& . . . . 

0.4 
0.4 
2.0 
0.2 

1.8 
0.4 
0.4 

2.1 
3.6 
0.8 
0.2 
0.3 

TABLE II 
Binding of jMet-tRNA to ribosomal subunits 

Reaction mixtures were as described in “Experimental Pro- 
cedure” for standard poly(U, G)-directed fMet-tRNA binding 
mixtures except that 0.7 As60 unit of 30 S ribosomal subunits and 
1.4 AZ50 units of 50 S ribosomal subunits were substituted for 
unfractionated ribosomes. Factor additions were as indicated. 
Binding of f[3H]Met-tRNA was determined by the Millipore 
filtration method as described in “Experimental Procedure.” 
A LO-pg portion of IF 2 is equivalent to approximately 11 pmoles 
based on a molecular weight of 80,000 and a purity of approxi- 
mately 90% (4, 9, 11). 

Factor additions 

- 
I 

None ................................... 
IF 3 (0.5 pmole). ...................... 
IF 1 (0.15 pg) + IF 3 (0.15 rg) + IF 2 

(0.55 pmole) .......................... 
IF 2 (1.65 pmoles) .................... 
IF 2 (8.8 pmoles). ..................... 
IF 2 (16.5 pmoles) .................... 

fl’H]Met-tRNA bound 

30 s 30 s + 30 s 

pm&s 

0.8 0.5 
0.8 0.7 

1.0 5.7 
1.0 
2.2 
4.2 

30 S subunit suggested that GTP might also be present in the 
30 S initiation complex. [y-QP]GTP (2 nmoles) of high specific 
activity (8000 cpm per pmole) was incubated with IF 2 (1 pg), 
purified ft3H]Met-tRNA (20 pmoles), 30 S subunits (0.8 AzeO 

unit), and poly(U, G) (0.05 A260 unit). Initial attempts to de- 
tect GTP binding to 30 S subunits by sucrose gradient analysis 
were unsuccessful; although fMet-tRNA was bound, no 30 S 
peak of bound [y-32P]GTP was detected (not shown). However, 
when the reaction mixture was analyzed by Sephadex G-100 gel 
filtration, a peak of 32P radioactivity was detected in the void 
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A. Requirsmrntr for GTP binding 

5 15 25 

FRACTION NUMBER 

FIG. 2. Requirements for IF a-promoted binding of GTP and 
fMet-tRNA to the 30 S subunit. Reaction mixtures for poly- 
(U, G)-directed fMet-tRNA binding to 30 S subunits were as 
described in “Experimental Procedure” except that 1.5 pg of IF 2 
were used. For measurement of GTP binding to 30 S, 1.8 pmoles 
of [+P]GTP (5000 to 7000 cpm per pmole) and 15 pmoles of puri- 
fied fMet-tRNA replaced unlabeled GTP and labeled fMet-tRNA. 
Omissions were as indicated below. After 10 min at 25”, reaction 
mixtures were chilled and applied to columns (20 X 0.5 cm) of 
Sephadex G-100 which had been previously equilibrated with the 
Tris-Mg++-NH*+ buffer described above. The columns were 
developed with this buffer at 5”. Fractions of 0.15 ml were col- 
lected and counted in Bray’s solution. A, O---O, complete 
system; l - l , omit fMet-tRNA; A-A, omit poly(U, G). 
B, 0-- -0, complete system; O--O, omit GTP; A-A, 
omit poly(U, G). 

volume (Fig. 2A). The appearance of this peak was dependent 
upon the presence of fMet-tRNA and poly(U, G). Phe-tRNA 
could not substitute for fMet-tRNA in promoting the binding of 
[7?2P]GTP. Initiation factor IF 2 was also required for GTP 
binding. 

In these experiments a peak of f[3H]Met-tRNA was detected 
in the void volume coincident with the peak of 32P. The require- 
ments for the appearance of f13H]Met-tRNA in the void volume 
were the same as those for the appearance of [Y-~~P]GTP (Fig. 2B). 
From the amount of excluded radioactivity, it could be calculated 
that the IF a-promoted increase in bound fMet-tRNA was stoi- 
chiometric with the increase in bound GTP (2.7 pmoles of 3H and 

TABLE III 
Factor and ribosomal subunit specijkity for GTP binding 

Reaction mixtures were prepared and assayed for [Y~~P]GTP 
bound to the 30 S complex by Sephadex gel filtration as described 
in the legend to Fig. 2. In Experiment A, all reaction mixtures 
contained 0.7 AZ60 unit of 30 S ribosomal subunit and factor addi- 
tions were as indicated. In Experiment B, reaction mixtures 
contained 1.5 pg of IF 2 and ribosomal subunit additions were as 
indicated in the table. 

Experiment A 

Additions [y=PJGTP, bound 

pmo1es 

None.................................... 
IF 1 (1.5 pg) + IF 3 (1.5 pg). 
IF 2 (0.4pg). . ..__....... . . . . . . . . . . . 
IF2 (1.5&.. . . . . . . . . . . . . . . . . . . . . . . . . . . 

Experiment B 

<O.l 
<O.l 

0.5 
2.4 

No ribosomes............................ <O.l 
30 S subunits (0.7 A260 unit). . 2.1 
50 S subunits (1.4 A~v,o units) . <0.2 
30 S + 50 S subunits . . . 0.4 

2.8 pmoles of 32P). These results are in agreement with those 
of Thach and Thach (10). 

Further studies on requirements for [y-32P]GTP and f13H]Met- 
tRNA binding to the 30 S complex have been carried out. These 
experiments are summarized in Table III. Only the results for 
GTP binding are depicted; the results for fMet-tRNA binding 
were qualitatively identical with these and are not shown. IF 2 
was specifically required for the binding of GTP to 30 S ribosomes 
(Table III, Experiment A). The amount of [Y-~~P]GTP bound 
was proportional to the amount of IF 2 added. In the absence 
of IF 2, neither IF 1 nor IF 3 promoted binding of GTP. Adding 
IF 1 (0.7 pg) stimulated the IF 2.promoted binding of both GTP 
and the fMet-tRNA about 2-fold while IF 3 (0.7 Fg) was 
markedly inhibitory (70 to 95%) (not shown), in agreement 
with the results described above for the sucrose gradient analysis 
of bound fMet-tRNA. This effect of IF 3 will be discussed in a 
subsequent section. We could not substitute 50 S subunits for 
30 S subunits in promoting complex formation with ]Y-~~P]GTP 
(Table III). Addition of 50 S together with 30 S subunits 
brought about a marked decrease in the amount of bound 32P 
(Table III, Experiment B). 

IdentiJication of Intact GTP in SO S Complex-To demonstrate 
that the entire GTP molecule was present in the complex, GTP 
labeled both with 3H in the ring (130 cpm per pmole) and with 
32P in the y position (400 cpm per pmole) was used as substrate. 
Other conditions were as described in the legend to Fig. 2. Both 
aH and 32P radioactivity was detected in the complex, in equi- 
molar quantities (data not shown). 

Although both the guanine base and y-phosphorus atom of 
GTP were thus shown to be present in the complex, prior hy- 
drolysis of GTP with retention of both moieties was not yet 
ruled out. GTP was shown to be intact by isolating and charac- 
terizing the complex as follows: [-/-3xP]GTP (5,500 cpm per 
pmole) was employed as substrate, and the 30 S complex was 
synthesized and chromatographed on Sephadex G-100. Aliquots 
(20 ~1) of the resulting fractions were counted in Bray’s solution. 
Fractions containing the isolated complex were pooled, and the 
resulting solution (13,000 cpm) was divided into two portions. 
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The 32P radioactivity of one portion was characterized by Norit 
adsorption (18). More than 9Oc/, of the radioactivity was acid 
soluble and Norit adsorbable. The second portion was made 
50 mM in NaOH, kept for 5 min at O”, and then neutralized. Un- 
labeled GTP (0.5 nmoles) was added as carrier. The solution 
was applied to a column (2 x 0.5 cm) of Dowex 1 (Cl) which 
had been washed previously with water. The column was de- 
veloped stepwise with increasing concentration of LiCl in dilute 
HCl (18). Approximately 85% of the applied radioactivity 
cochromatographed with GTP. The remaining 15% of the 
radioactivity eluted at the position of Pi. 

Nucleotide and tRNA Specijicity for SO S Complex Formation- 
The nucleotide and tRNA specificity for 30 S complex formation 
was also studied. Only GTP promoted the binding of fMet- 
tRNA to 30 S subunits. ATP, UTP, CTP, or GDP could not 

GTP Exchange 

5 15 25 
FRACTION NUMBER 

FIG. 3. Exchangeability of fMet-tRNA, and GTP bound to 30 6 
subunits. A, reaction mixtures were set up as described in the 
legend to Fig. 2 for fMet binding assays except that 15 pmoles of 
f[3H]Met-tRNA were used. After 10 min of incubation at 25”, 
400 pmoles of unlabeled fMet-tRNA were added to one mixture 
containing the complete system and incubation was continued for 
5 additional min. Bound fMet-tRNA was assayed by Sephadex 
G-100 trel filtration as described in “Experimental Procedure” and 
was calculated using the specific activity of f[3H]Met-tRNA before 
the chase. O---O, no additions; O---O, addition of 400 
pmoles of unlabeled fMet-tRNA after 10 min. B, two reaction 
mixtures for GTP binding were set up as described in the legend to 
Fig. 2 except that 0.8 pg of IF 2 was used. After 10 min of incuba- 
tion at 25”, 150 nmoles of unlabeled GTP were added to one mixture 
and incubation was continued for 5 additional min. Bound GTP 
was assayed by Sephadex G-100 gel filtration as described in the 
legend to Fig. 5 and was calculated using the specific radioactivity 
of [+2P]GTP before the chase. O- - -0, no additions; O--O, 
addition of 150 nmoles of unlabeled GTP after 10 min. 

replace GTP. Furthermore, only GTP was bound to the 30 S 
subunit. Other nucleotides did not bind. Under conditions of 
IF 2-promoted 30 S complex formation, only forrnylaled fMet- 
tRNA was bound to the 30 S subunits. Neither unformylated 
Met-tRNAf nor internal tRNAs such as Met-tRNA, or Phe- 
tRNA were bound. In these experiments A-U-G or poly(U) 
replaced poly(U, G) and the magnesium concentration was 
lowered to 5 InM; fMet-tRNA was still bound in control experi- 
ments at 5 mM Mg2+. Sephadex G-100 analysis was carried out 
as described in “Experimental Procedure.” 

Exchangeability of fMet-tRNA and GTP Bound in SO S Initia- 
tion Complex-To detect exchange of fMet-tRNA bound to the 
30 S subunits, a 30 S complex containing f[3H]Met-tRNA was 
allowed to form. It was then challenged with a large excess of 
unlabeled fMet-tRNA. Most of the radioactivity eluting in 
the void volume of Sephadex G-100 was retained, indicating 
that bound fMet-tRNA is not exchangeable (Fig. 3A). To 
detect exchange of GTP bound to the 30 S subunit, a similar 
experiment was performed except that [y-32P]GTP and unlabeled 
fMet-tRNA were used to form the 30 S complex. Challenge 
was with a large excess of unlabeled GTP. Most of the 32P radio- 
activity eluting in the void volume of Sephadex G-100 was lost, 
indicating that bound GTP is exchangeable (Fig. 3B). The 
stability of GTP binding to the 30 S subunit will be considered 
in a subsequent section. 

Binding of A-U-G in SO S Initiation Complex-Under condi- 
tions of initiation complex formation A-U-[3H]G became bound 
to the 30 S subunit (data not shown). Omission of fMet-tRNA, 
initiation factors, or GTP markedly reduce A-U-G binding. 
This result is in contrast to reports that neither fMet-t,RNA nor 
GTP but only initiation factors are required for messenger bind- 
ing (25). However, since some residual binding is observed, the 
possibility exists that A-U-G does bind to ribosomes in the pres- 
ence of initiation factors alone and that this binding is st’abilized 
by fMet-tRNA and GTP. 

Effect of IFS on SO S Complex Formation-h previously dis- 
cussed, IF 3 is inhibitory to 30 S complex formation. It seemed 
unreasonable that IF 3, which is required for 70 S complex forma- 
tion, could actually prevent the formation of the 30 S complex. 

A more likely explanation would be that IF 3 could destabilize 
a pre-existing 30 S complex so that it was no longer detectable 
by sucrose gradient analysis. To examine this possibility, we 
compared the effect of IF 3 on formation of a 30 S complex as 
assayed by sucrose gradients, Sephadex G-100 gel filtration, and 
Millipore filtration (Table IV). When poly(U, G) was used as 
messenger, 0.7 fig of IF 3 virtually abolished the IF 2-promoted 
30 S peak of bound fMet-tRNA detectable by sucrose gradient 
analysis or the peak of excluded fMet-tRNA detect’able by 

Sephadex gel filtration (Table IV, Experiment A). In contrast, 
when Millipore filtration was used as an assay, IF 3, instead of 
inhibiting the binding of fMet-tRNA to 30 S subunits, was now 

slightly stimulatdry. 

This suggested that IF 3 was not breaking down the 30 S com- 
plex, but was acting to destabilize it to sucrose gradient or gel 
filtration analysis. 

To test whether the destabilization produced by IF 3 repre- 
sented a discrimination against artificial messenger as has been 
proposed (25), f2 RNA was substituted for poly(U, G) (Table 
IV, Experiment B). In this case IF 3 also diminished the 30 S 
peak of bound fMet-tRNA as measured by sucrose gradient’s or 
Sephadex G-100 gel filtration while slightly stimulating fMet- 
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TABLE IV 

In$u,ence of factor IF 3 on 30 S initiation complex formation 

Reaction mixtures were as described in “Experimental Pro- 
cedure” for fMet-tRNA binding to 30 S ribosomes except that 15 
pmoles of purified f[3H]Met-tRNA were used. Fact,or additions 
were IF 1, 0.7 pg; IF 3,0.7 ,.~g, IF 2, 1.0 pg. In Experiment B, 100 
pmoles of f2 RNA were substituted for poly(U, G). The amount 
of fMet- tRNA bound to 30 S ribosomes as assayed by various 
techniques was as described in “Experimental Procedure.” 

Additions 

fPH]Met- 
tRNA re- 
tained on 

gradient C;-100 

-Ip--.!- 

Mgily 

Experiment A (poly(U, G) 1 
directed) 

Complete. 
Omit IF 3. :, 

Experiment B (f, RNA di- 
rected) 

0.2 
2.6 

Complete __. .__,. .., 1.2 
Omit IF 3 . 2.1 

p?ldes 

0.2 2.7 
2.3 2.3 

1.5 2.2 
2.2 2.0 

t 
RNA binding as measured by XIillipore filtration. However, 

in contrast to the complete abolition of bInding observed with 
poly(U, G), a reduction of only 30 to 400; was observed with f2 
RNA as messenger. These results are consistent with the sug- 
gestion that IF 3 discriminates against binding of the 30 S sub- 
units to “improper” initiation sequences on messenger RNA of 
which there would be far more in random copolymers such as 
poly(U, G) than in f2 RNA. 

We also studied the effect of IF 3 on a preformed 30 S initia- 
tion complex. The IF 2 promoted 30 S complex was isolated 
largely free of unbound materials by Sephadex G-100 gel Ultra- 
tion. When this preparation of complex was run on a sucrose 
gradient, a considerable fraction of the radioactivity sedimented 
at 30 S (Fig. 4). Addition of IF 3 to the isolated complex brought 
about a release of radioactivity from the 30 S complex to the top 
of the gradient. I f  50 S subunits were added to the isolated 30 
S complex, bound radioactivity was shifted to the 70 S region. 
If  IF 3 was added together with 50 S subunits, the 70 S peak was 
undiminished. 

When an identical experiment was carried out with f2 RNA 
as messenger (Fig. 4B) a similar pattern emerged. However, in 
this case, addition of IF 3 to the isolated 30 S complex alone 
brought about the release of only 40%, of radioactivity associated 
with the 30 S complex to the top of the gradient. 

These experiments show directly that IF 3 destabilizes or dis- 
sociates the isolated 30 S complex formed with poly(U, G), but 
is less effective in destabilizing such a complex formed with f2 
RNA. However, with either messenger, IF 3 does not destabi- 
lize the 70 S complex formed in the presence of the 50 S subunit. 
No stimulation of 70 S binding by IF 3 was possible in these ex- 
periments because the pool of unreacted fMet-tRNA has been 
removed upon isolation of the 30 S complex by gel filtration. 

Reactions of Isolated SO X Initiation Complex 

Fate ofJ!let-tRNA and GTP upon 50 S &&ion---In order to 
determine whether the 30 S complex isolated by gel filtration is 
a functional intermediate in 70 S initiation complex formation, 
the behavior of the complex upon addition of 50 S subunits was 

I 
E 

B f2RNA 

T 
300 

lo 
- 

w- 

Fraction Number 

FIG. 4. Effect of IF 3 on fMet-tRNA bound to 30 S subunit. 
Reaction mixtures (1.1 ml) for fMet-tRNA binding to the 30 S 
subunit contained 50 mM Tris-HCl (pH 7.0), 5 rnM 2-mercaptoetha- 
nol, 10 mM Mg(OAc)s 0.1 M NH,CI, 18 nmoles of GTP, 7 A260 units 
of 30 S ribosomal subunits, 150 pmoles of purified f[3H]Met-tRNA 
(specific activity 1800 cpm per pmole), 7 pg of IF 1, and 15 pg of 
IF 2. In Experiment A, 0.5 Anso unit of poly(U, G) was included. 
In Experiment B, 1.0 nmole of f2 RNA replaced poly(U, G) and the 
magnesium concentration was lowered to 5 mM. After 10 min at 
25”, each mixture was passed through a column of Sephadex G-100 
(1.5 X 30 cm) as described in “Experimental Procedure.” In each 
case the peak of radioactivity which appeared in the void volume 
was collected and pooled. Four aliquots of 0.1 ml were taken from 
each solution; each aliquot contained 2100 cpm of radioactivity. 
Additions to each aliquot were made as indicated below. After 
10 min at 25”, the mixture was centrifuged on sucrose gradients as 
described in “Experimental Procedure.” O--O, no addition; 
l - --a, 0.3 rg of IF 3; A---A, 0.3 At60 unit of 50 S subunits; 
n---n, 0.3 AZ60 unit of 50 S subunits and 0.3 pg of IF 3. 

studied. Subunits of 50 S can join the isolated 30 S complex to 
form a 70 S couple. This is illustrated by the experiment shown 
in Fig. 4 and discussed above. As noted above, if IF 3 was added 
together with the 50 S subunits, the 70 S peak w&s undiminished. 
Addition of IF 1 or IF 2 alone or together with 50 S subunits did 
not affect the amount of 70 S complex formed (not shown). This 
experiment shows that additional factors are not necessary for 
association of the 50 S subunits once the 30 S initiation complex 
has formed, although IF 1 and IF 2 may still be present’ in the 
isolated 30 S complex. 

In order to determine the fate of fMet-tRXA and GTP bound 
in the 30 S complex upon addition of 50 S subunits, the 30 S com- 
plex containing bound [y-32P]GTP and bound f[3H]Met-tRNA 
was isolated on Sephadex G-100. Aliquots were incubated with 
50 S subunits in the presence or absence of IF 1 and IF 3. Addi- 
tion of 50 S subunits to the isolated 30 S complex rendered all, 
bound fMet-tRNA reactive to puromycin (Table V). This 
indicates that all of the fMet-tRNA bound to the 30 S complex 
moves to the donor site of the 70 S ribosome when 50 S subunits 
are added. The addition of IF 1 and IF 3 together with 50 S 
subunits did not substantially a,ffect this result. Approximately 
50% of the 32P radioactivity initially present in the 30 S complex 
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TABLE V 

Reactions of isolated SO S initiation complex 

A large scale reaction mixture was prepared and passed through 
Sephadex G-100 as described in the legend to Fig. 44 except that 
32 nmoles of [Y-~~P]GTP were used in addition to labeled fMet- 
tRNA. The isolated material was divided into 0.2~ml aliquots. 
Each aliquot contained 1.39 pmoles of f[3H]Met-tRNA and 1.36 
pmoles of [T-~~P]GTP. (In a duplicate experiment, shown in 
parentheses, each aliquot contained 0.66 pmoles of f  [3H]Met-tRNA 
and 0.72 pmoles of [y-z2P]GTP.) Where indicated, 3 A260 units of 
50 S subunits, 0.7 pg of IF 1, 0.7 rg of IF 3, and 1 pg of IF 2 were 
added. Retention of fMet-tRNA and GTP in the isolated 30 S 
complex was assayed by Sephadex G-100 gel titration; fMet- 
puromycin formation and [-rJ2P]GTP hydrolysis were measured 
as described in “Experimental Procedure.” 

pmo1e.s 

3OScomplex. 1.18 (0.70) <O.Ol (<O.Ol) 0.64 (0.34) 0.05 (0.04) 
30 S complex 

+ 50 S.. ._ 1.26 (0.61) 1.16 (0.66) 0.03 (0.03)0.70 (0.32) 
30 S complex 

+5os+ 
factors.. 1.10 (0.64) 1.08 (0.55) 0.03 (0.03)0.71 (0.36) 

TABLE VI 

Reactions of GTP-dejicient d0 S initiation complex 
A large scale reaction mixture was prepared and passed through 

G-100 as described in the legend to Table V. (Sephadex G-100 
analysis of a 0.2-ml aliquot before incubation showed 1.41 pmoles 
of f[rH]Met-tRNA and 0.87 pmole of [-@zP]GTP still bound.) 
After isolation the 30 S complex was incubated for 15 min at 25” 
to release bound GTP. Aliquots of 0.2 ml were taken and addi- 
tions of 3 Azlo units of 50 S subunits, 0.7 pg of IF 1,0.7 gg of IF 3, 
and 1.0 pg of IF 2 were made as indicated. Retention of 3H and 
32P in the complex was determined by Sephadex G-100 gel filtra- 
tion as described in “Experimental Procedure.” fMet-puro- 
mvcin formation and GTP hydrolysis were also measured as 
described in “Experimental Procedure.” 

I I I I 

Additions 
f[;H$-;t- [r-12P]GTP a:“:-:$ f[lH]M& 

retained in retained in retained puromycin $‘Pi 

COIIlpkX 
COlllplLX in com- formed released 

pIEi 

- 

f 

~-- 
pmozes 

30 S complex. 1.32 0.15 8.8 <O.Ol 0.02 
30 S complex + 

5os.......... 1.38 0.02 69 1.26 0.14 
30 S complex + 

50 S + factors. 1.25 0.02 62 1.24 0.13 

Ratio of 
[zH]Met- 

pun?- 

fTo%;; 

releas:d 

9.0 

9.7 

was released as 32Pi by addition of 50 S subunits (Table V). 
Analysis of the isolated untreated 30 S initiation complex on 
Sephadex G-100 showed that only 50% of the 32P radioactivity 
was still bound (Table V). The result strongly suggests that 
all GTP still present in the isolated 30 S complex is hydrolyzed 
upon 50 S addition. The 32P radioactivity released from the 30 
S complex in the absence of 50 S additions eluted from Sephadex 
G-100 at the position of small molecules. Furthermore, the re- 
leased 32P was still Norit absorbable and acid soluble and eluted 

at the position of GTP on Dowex 1 (Cl), indicating that [y-32P]- 
GTP had been released intact. These experiments suggest that 
(a) all GTP which remains bound in the isolated 30 S initiation 
complex is hydrolyzed upon addition of the 50 S subunit and (b) 
GTP tends to dissociate from the 30 S initiation complex in the 
absence of 50 S subunits. GTP which is released in this manner 
remains intact. The instability of GTP binding to the 30 S 
complex will be discussed subsequently. 

Behavior of GTP-de$cient SO S Initiation Complex-As men- 
tioned previously, [T-~~P]GTP binding to the 30 S complex could 
not be detected by sucrose gradient centrifugation, but was de- 
tectable by Sephadex G-100 gel filtration. However, when the 
30 S complex isolated by gel filtration was analyzed by either 
sucrose gradient centrifugation or Millipore filtration, it was 
observed that [Y-~~P]GTP in the complex was almost entirely 
lost. In contrast, when the isolated 30 S complex was rerun on 
Sephadex G-100, only about 50% of the nucleotide was lost. The 
release of GTP as detected by Sephadex G-100 analysis is a 
function of the time and temperature at which the isolated 30 S 
complex is maintained. We found that incubation of the 30 S 
complex for 15 min at 25” resulted in the release of most of the 
bound GTP without substantially decreasing the level of bound 
fMet-tRNA. GTP released from the 30 S complex in this man- 
ner had not been hydrolyzed, since the released 32P was still 
Norit adsorbable and acid soluble. The properties of this GTP- 
deficient complex are summarized in Table VI and closely re- 
semble those of a 30 S complex with a full complement of GTP. 
All bound fMet-tRNA moves to the 70 S region of sucrose gradi- 
ents when 50 S subunits are added (not shown). All bound 
fMet-tRNA is rendered puromycin-reactive upon 50 S addition 
and no further factor additions are necessary for this reactivity 
(Table VI). On a molar basis, approximately 10 times as much 
fMet-puromycin is formed than GTP bound in the 30 S complex. 
The behavior of this GTP-deficient 30 S complex suggests that 
once a 30 S complex is formed, the continued presence of GTP 
and therefore the energy from its hydrolysis is not necessary for 
positioning of fMet-tRNA in the puromycin-reactive donor site 
on the 70 S ribosome. However, whatever GTP does remain 
bound to the 30 S initiation complex is quantitatively hydrolyzed 
upon addition of 50 S ribosomal subunits (Table VI). 

Reactions of jMet-tRNA Bound to SO S Subunits in Absence of 
GTP-GTP stimulates the binding of fMet-tRNA to 30 S sub- 
units. However, some residual binding of fMet-tRNA is always 
observed in the presence of initiation factors and mRNA, but in 
the absence of GTP. The properties of an isolated 30 S complex 
formed in the absence of GTP are shown in Table VII. fMet- 
tRNA bound to the 30 S subunit in the absence of GTP can move 
to 70 S upon addition of 50 S subunits. Furthermore, this fMet- 
tRNA is available for reaction with puromycin upon 50 S addi- 
tion. This data suggests that fMet-LRNA bound to 30 S in the 
absence of exogenous GTP is bound at a 30 S site corresponding 
to the donor site on the 70 S ribosome. 

Effect of GMP-PCP2 on 70 X Initiation Complex Formation- 
We extended our studies on GTP function to an investigation 
of the effect of GMP-PCP on initiation complex formation. This 
compound is an analogue of GTP in which the oxygen atom be- 
tween the p- and y-phosphorus atoms is replaced by a methylene 
group. It is not susceptible to enzymatic hydrolysis at that 
position. 

2 The abbreviation used is: GMP-PCP, 5’-guanylyl methylene 
diphosphonate. 
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Reactions of SO S initiation complex formed in absence of GTP 
A large scale reaction mixture was prepared and passed through 

Sephadex G-100 as described in legend to Table V, except that 
GTP was omitted from the reaction mixture. Sephadex G-100 
analysis of a 0.5-ml aliquot before incubation showed 0.62 pmoles 
of f 13H]Met-tRNA still bound. Aliquots of 0.5 ml were taken and 
additions of 3 AZ60 units of 50 S subunits were made as indicated. 
fMet-puromycin formation was measured as described in “Ex- 
nerimental Procedure.” 

TABLE VII TABLE VIII 

Puromycin reactivity of GMP-PCP-stimulated 
70 S initiation complex 

Reaction mixtures were as described in “Experimental Pro- 
cedure” for fMet-tRNA binding to 70 S ribosomes except that 1.5 
pg of IF 2 was used. Nucleotide additions (300 nmoles each) were 
as indicated. fMet-tRNA binding was assayed by Millipore 
filtration. f[3H]Met-puromycin formation was measured as de- 
scribed in “Experimental Procedure.” 

Additions f[~H]Met-tRNA 
retained in complex 

f[3H]M;;;gw;mycin 

$??Wh 

30 S complex 
30 S complex + 50 S.. 

0.62 

!  

<0.02 
0.58 0.47 

IO 

A LOW IF2 

B HIGH IF2 
o- 

I I t 

50 100 150 

Nucleotide ( n moles 1 

i 

FIG. 5. Effect of GMP-PCP on fiMet-tRNA binding to 70 S 
ribosomes. Reaction mixtures were as described in “Experi- 
mental Procedure” for fMet-tRNA binding except that, the type 
and concentration of nucleotide additions were as indicated. 
Each reaction mixture contained 0.15 fig of IF 1 and 0.15 pg of 
IF 3. In addition, mixtures in A contained 0.05 fig of IF 2 and 
mixtures in B contained 1.0 pg of IF 2. After 10 min at 37”, the 
reaction mixtures were assayed for fMet-tRNA binding by Milli- 
pore filtration. O-- O, GTP; o-o, GMP-PCP. 

Contradictory reports have appeared in the literature concern- 
ing the question of whether GMP-PCP can substitute for GTP 
in initiation complex formation. Thach and coworkers (26) 
found that GMP-PCP did stimulate 70 S initiation complex 
formation, but that fMet4RNA bound at 70 S was not available 
for fMet-puromycin formation. Chae et al. (17) found that 
GMP-PCP could not replace GTP in stimulating fMet-tRNA 

binding at 70 S. 
We have resolved this anomaly in the following manner. The 

GTP-dependent incorporation of fMet-tRNA into a 70 S initia- 

Nucleotide addition f[‘H]Met-tRNA bound 
to Millipore filter 

f[3HlMf+geomycin 

1 

None. 
GTP 
GMP-PCP. . 

pwdes 

4.7 i 4.8 
29.8 21.0 
11.8 

I 
1.8 

TABLE IX 

Reactions of GMP-PCP-stimulated 30 S initiation com$es 

A large scale reaction mixture was prepared and passed through 
Sephadex G-100 as described in legend to Table V except that 2 
mu GMP-PCP replaced GTP. Radioactive fractions in the 
excluded volume were pooled. Aliquots (0.1 ml) containing 0.50 
pmole of f[aH]Met-tRNA were taken. Three 4260 units of 50 S 
subunits were added where indicated. f[3H]Met-tRNA binding 
was assayed by sucrose gradients and measurement of fMet- 
puromycin formation was as described in “Experimental Pro- 
cedure.” 

Additions 

f[aH]Met-tRNA bound 
f[3HIM;J&geTmycin 

30 S region 70 S region 

pmozes 

30 S complex.. 0.42 0.02 
30 S complex Jr 50 S 0.02 

I I 

<0.02 
0.38 <0.02 

tion complex required catalytic amounts of IF 2. Under these 
conditions, GMP-PCP did not replace GTP (Fig. 5A). In con- 
trast, at high levels of IF 2, GMP-PCP did stimulate fMet-tRNA 
incorporation into the 70 S complex with about 50% the effi- 
ciency of GTP (Fig. 5B). Under the conditions used, this level 
of IF 2 did not additionally stimulate the GTP-dependent bind- 
ing of fMet-tRNA. 

In this case bound fMet-tRNA sedimented at 70 S (data not 
shown), but was not available for fMet-puromycin formation 
(Table VIII). In fact, less fMet-puromycin was formed in the 
presence of GMP-PCP than in the absence of any nucleotide 
(Table VIII). 

These results are consistent with the suggestion that when GTP 
is hydrolyzed, factor IF 2 is released from the 70 S initiation com- 
plex and can act catalytically to promote fMet-tRNA binding. 
When hydrolysis is prevented by the use of GMP-PC?, IF 2 
does not cycle but remains bound to the 70 S ribosome. Stoi- 
chiometric levels of IF 2 are therefore required to detect sig- 
nificant fMet-t(RNA binding in the presence of GMP-PCP. 

Behavior of SO S Initiation Comples Formed in Presence oj GBIP- 
PCP-At the stoichiometric (high) levels of IF 2 required for 
fMet-tRNA binding to 30 S subunits, GMP-PCP stimulated 
this binding with about 50% the efficiency of GTP (data not 
shown). The isolated GMP-PCP-stimulated 30 S complex re- 
acted with 50 S subunits to form a 70 S couple (Table IX). How- 
ever, fMet-tRNA bound in such a 30 S complex was unable to 
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react with puromycin in the presence of 50 S subunits (Table IX). 
In fact, less fMet-puromycin was formed in the presence of GMP- 
PCP than in the absence of any nucleotide. Furthermore, in- 
cubation of the isolated 30 S complex for 20 min at 25”, followed 
by reisolation of the compIex on a column of Sephadex G-100, 
converted most of the 30 S complex to an active form able to 
react with puromycin upon 50 S addition (data not shown). 
This observation is consistent with the idea that incubation and 
reisolation causes dissociation of GMP-PCP from the 30 S 
complex. Presumably such release of GMP-PCP is sufficient to 
convert the 30 S complex to a form active in subsequent peptidyl 
transfer. 

DISCUSSION 

This paper has attempted to define the components of the 30 
S initiation complex, and the requirements for its formation as 
well as for its subsequmt function as an intermediate in the pro- 
duction of the 70 S initiation complex. The function of GTP 
in this process has been studied. 

We have shown that each 30 S initiation complex contains a 
30 S ribosomal subunit, mRNA, and stoichiometric amounts of 
fMet-tRNA and GTP. GTP bound in the 30 S initiation com- 
plex is intact (10). It is likely that initiation factors IF 1 and 
IF 2 are also present in the 30 S complex. Thach and coworkers 
(11) have obtained direct evidence for the presence of IF 1 in 
such a complex, while our observations on the stoichiometry of 
IF 2 in initiation complex formation, and on GTP hydrolysis 
(discussed below) suggest the presence of IF 2 in the initiation 
complex (27). 

Binding of fMet-tRNA to the 30 S subunit requires mRNA and 
GTP. Stoichiometric quantities of initiation factor IF 2 are ab- 
solutely required for the binding of fMet-tRNA. This is in con- 
trast to the binding of fMet-tRNA at 70 S, where much smaller 
amounts of IF 2 are needed. Initiation factor IF 1 stimulates 
30 S binding of fMet-tRNA about 2-fold. Only GTP promotes 
this binding; other nucleotides cannot substitute. fMet-tRNA 
is the only species tested whose binding to the 30 S subunit is 
dependent upon initiation factors under conditions of 30 S initia- 
tion complex formation. Once fMet-tRNA is bound in the 30 
S initiation complex, it is not available for exchange with exog- 
enous fMet-tRNA. 

Binding of GTP to 30 S ribosomal subunits requires fMet- 
tRNA and mRNA. Phe-tRNA cannot substitute for fMet- 
tRNA. Other nucleotides are not bound. The factor require- 
ments for GTP binding to the 30 S initiation complex are identi- 
cal with those for fMet-tRNA binding; stoichiometric quantities 
of IF 2 are needed and IF 1 stimulates about 2-fold. In contrast 
to bound fMet-tRNA, the GTP bound in the 30 S complex is 
exchangeable with exogenous GTP. 

It has been suggested that initiation factor IF 3 is involved in 
the specific recognition of natural, as opposed to synthetic, 
mRNA (5, 6, 25). We find that IF 3 is not required for 30 S 
initiation complex formation. In fact, IF3 destabilizes the 30 
S complex (with respect to both fMet-tRNA and GTP binding) 
as measured by sucrose gradient or Sephadex gel filtration anal- 
ysis. IF 3 does not destabilize the 30 S initiation complex to 
Millipore analysis, but neither does it stimulate significantly. 
The destabilization observed in the presence of IF 3 is much less 
pronounced when complex formation is directed by natural mes- 
sengers such as f2 RNA than when synthetic messengers such 

as poly(U, G) are used. Since synthetic messengers are likely 
to contain many more erroneous initiation sites than f2 RNA, 
our observations are in accord with the proposal that IF 3 spe- 
cifically recognizes correct initiation sites for 30 S binding to 
mRNA (5, 6, 25). However, we and others have aIso observed 
that at the 70 S level, IF 3 is required in addition to IF 1 and 
IF 2 for maximum incorporation of fMet-tRNA into a 70 S com- 
plex (3, 27). This is true with either natural (f2 RNA) or syn- 
thetic messengers (A-U-G or poly(U, G)) (28). This apparent 
discrepancy has yet to be resolved. 

Using the technique of Sephadex G-100 gel filtration, we have 
been able to isolate the 30 S initiation complex free of unreacted 
fMet-tRNA, unbound initiation factors, and free GTP. With 
this isolated intermediate, we have shown that once the 30 S 
complex forms, no subsequent initiation factor additions are re- 
quired for formation of a 70 S complex which can donate fMet 
into peptide linkage with puromycin. However, IF 1 and IF 2 
are probably present in the 30 S complex. Furthermore, the 
IF 2-dependent hydrolysis of GTP occurs at the 70 S level, not 
during 30 S complex formation. Evidence of this includes the 
demonstration that (a) GTP is incorporated intact into the 30 S 
initiation complex and (b) joining of the 50 S subunit to the iso- 
lated 30 S complex results in the cleavage of all bound GTP. 
Chae et al. (17) have reported previously that GTP is cleaved at 
the 30 S level. This cleavage may have been due to low level 
contamination of 30 S subunits with 50 S subunits. 

GMP-PCP can substitute for GTP in both 30 S and 70 S initia- 
tion complex formation, but only in the presence of stoichiomet- 
ric levels of factor IF 2. Previous contradictory reports (3, 17; 
26) concerning the ability of GMP-PCP to replace GTP would 
appear to be due to differences in the amount of factor IF 2 used 
to promote fMet-tRNA binding. We find that (a) at high 
(stoichiometric) levels of IF 2 fMet-tRNA is bound to 70 S in 
the presence of GMP-PCP but cannot function in peptidyl trans- 
fer (26) and (b) addition of 50 S subunits to an isolated 30 S ini- 
tiation complex formed in the presence of GMP-PCP results in a 
70 S couple inactive in peptidyl transfer. 

To examine whether the free energy of GTP hydrolysis is re- 
quired for movement of fMet-tRNA to the puromycin-reactive 
donor site, we made use of the observation that incubation of the 
isolated 30 S complex preferentially releases most of the bound 
GTP from the complex without hydrolysis while leaving most 
fMet-tRNA still bound. We found that such a GTP-deficient 
30 S complex is still fully active in subsequent 70 8 complex for- 
mation and peptidyl transfer. 

Furthermore, although a 30 S complex formed in the pres- 
ence of GMP-PCP is inactive in subsequent peptidyl transfer, 
puromycin reactivity can be restored by first incubating the 
GMP-PCP-stimulated 30 S complex and then passing it through 
Sephadex G-100. It is likely that this treatment results in the 
dissociation of GMP-PCP from the 30 S complex although this 
has yet to be confirmed directly with labeled GMP-PCP. Pre- 
sumably, release of GMP-PCP alters the conformation of the 
30 S initiation complex so as to permit subsequent peptide bond 
formation. We suggest that the behavior of 30 S complexes 
formed either with GTP or GMP-PCP are analogous. In either 
case, once the 30 S complex forms, the continued presence of the 
nucleotide prevents fMet-tRNA from participating in subsequent 
peptide bond formation. Removal of the nucleotide alters the 
the configuration of the complex to place fMet-tRNA in a reac- 
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FIG. 6. Hypothetical mechanism for polypeptide chain initia- 
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tive state. GTP is normally removed via hydrolysis upon junc- 
tion of the 50 S subunit, but it can be eliminated intact at the 30 
S level by manipulations described in this paper. GMP-PCP 
cannot be removed by the normal hydrolytic event. Therefore, 
50 S junction yields an unreactive 70 S complex. However, 
GMP-PCP can be eliminated at the 30 S level in the same manner 
as GTP. This restores the 30 S complex to an active state. 

Therefore, it is likely that a “translocation” of fMet-tRNA, 
dependent on the free energy of hydrolysis of GTP and catalyzed 
by IF 2, does not occur during the initiation process. Rather, 
GTP hydrolysis may be required to “unblock” fMet-tRNA by 
releasing GTP and IF 2 from the ribosome so that peptide bond 
formation can occur. In this respect, the function of IF 2 and 
GTP in initiation would be more analogous to that of T factor 
and GTP in elongation than to that of G factor. Using a differ- 
ent experimental approach, quite similar conclusions have been 
reached recently by Thach and Thach (30). 

A hypothetical scheme for the initiation process compatible 
with our results and those of others is shown in Fig. 6. IF 2 ini- 
tially binds fMet-tRNA and GTP to form a (IF 2-GTP-fMet- 

tRNA) complex. This entire complex becomes attached to a 
30 S-mRNA complex in the presence of factor IF 1 to form the 
30 S initiation complex (an alternative model for 30 S binding 
has been proposed by Groner and Revel (31)). Initial binding 
of fMet-tRNA is to a site on the 30 S ribosome which corresponds 
to or will become part of the peptidyl or donor site on the 70 S 
ribosome. We tentatively call this the “entry” site. Subse- 
quently a 50 S subunit adds to form a 70 S complex and the 
“entry” site now becomes part of the donor site. IF 1 is released 
at this stage. fMet-tRNA bound in this intermediate is not 
available for peptide bond formation. Together with or im- 
mediately following upon addition of the 50 S subunit GTP is 
hydrolyzed to GDP and Pi by IF 2, This hydrolysis serves two 
purposes. (a) It releases IF 2, GDP, and Pi from the initiation 
complex, possibly as an IF 2-GDP complex. IF 2 can then re- 
cycle catalytically to promote another round of initiation. lb) 
The hydrolysis of GTP also permits fMet-tRNA to donate fMet 
into peptide linkage. This may occur via a conformational 
change in the donor site or by “unblocking” the site through 
removal of IF 2. It is uncertain whether release of IF 2 requires 
the free energy of hydrolysis of GTP or whether hydrolysis 
simply effects a conformational change which allows release. 
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