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Initiation factor IF2 from either Escherichia coli or Bacillus stearotherrnophilus was found to possess the 
previously undetected property of stimulating the template-dependent ribosomal binding of aminoacyl- 
tRNAs with free ~-NH z groups. IF1, which had no detectable activity alone, was found to stimulate the 
activity of E. coli IF2 and, to a lesser extent, that of B. stearothermophilus IF2. Since in the absence of ribo- 
somes not even a weak interaction between the two IF2 molecules and the aminoacyl-tRNAs was detected. 
the present findings indicate that IF2 can act at the ribosomal level stimulating aminoacyl-tRNA binding 
without prior formation of a binary complex with the aminoacyl-tRNA. IF2 does not appear to open or 
strengthen a weak A-site binding, but rather to enhance aminoacyl-tRNA binding to a 30 S site equivalent 

to the P-site by slowing down the rate of aminoacyl-tRNA dissociation from ribosomes. 

Protein synthesis Initiation factor ArninoacTl-tRNA binding Ribosome 

1. I N T R O D U C T I O N  

To expla in  the mechan i sm by which in i t ia t ion  
fac tor  IF2 s t imula tes  the  f o r m a t i o n  o f  the 30 S and 
70 S t r ans l a t iona l  in i t ia t ion  complexes ,  two al ter-  
nat ive  mode l s  have been p roposed :  (i) IF2,  l ike EF-  
Tu,  funct ions  as an a m i n o a c y l - t R N A  carr ier  
specif ical ly  recogniz ing the in i t ia tor  f M e t - t R N A ;  
(ii) IF2  exerts its effect  a t  the level o f  the 30 S 
r i bosoma l  subuni t  to which the fac tor  binds,  
together  with IF I  and  IF3,  be fo re  the  b ind ing  o f  
f M e t - t R N A  [1-3] .  

C o m p a t i b l e  with the  first hypothes is  is the 
f inding tha t  IF2  can fo rm a b ina ry  complex  with 
f M e t - t R N A  [4] as well as with o ther  N-ace ty la ted  
a m i n o a c y l - t R N A s  [7,8]. S topped - f low  kinetic 
analysis  showed,  however ,  tha t  the IF2 -aminoacy l -  
t R N A  carr ier  mechan i sm is not  tenable ,  at least in 
the case o f  the mode l  system in which the fMet-  
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N A c P h e - t R N A r ,  rf37 is b o u n d  to t R N A  ana logue  r, he 

30 S r i bosoma l  subuni ts  in response to poly(U)  [51. 
In this system, the s t imula to ry  act ivi ty  o f  IF2 was 
found  to t i t ra te  with the  30 S r i bosoma l  subuni ts  
and  to occur  at concen t ra t ions  of  N A c P h e - t R N A  
t w o - t h r e e  o rders  o f  magn i tude  lower  than  the K,I 
o f  the I F 2 - N A c P h e - t R N A  binary  complex  [5]. 
Several  add i t i ona l  cons idera t ions  also favor  the 
second mode l  [3,5]. 

In the present  paper ,  we demons t r a t e  that  IF2 
f rom two d i f ferent  sources (Escherichia coli and 
Bacillus s tearothermophilus)  can s t imula te ,  under  
a var ie ty  o f  exper imenta l  cond i t ions ,  the b inding  
to 30 S r i bosoma l  subuni ts  o f  a m i n o a c y l - t R N A s  
with free ce-NH2 groups  in response  to var ious  
templa tes .  Since we show, in agreement  with 
previous  repor t s  [4 ,6 -8] ,  that  IF2 is unable  to 
fo rm b ina ry  complexes  with these aminoacy l -  
t R N A s ,  our  present  d a t a  indicate  that  IF2 has a 
direct  inf luence  on the funct ion  o f  the small  
r i bosoma l  subuni t .  
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2. MATERIALS AND METHODS 

All chemicals were from Merck-Darmstadt and 
fine biochemicals from Boehringer-Mannheim. 

E. coil 30 S and 50 S ribosomal subunits, 
aminoacyl-tRNAs and purified initiation factors 
were obtained essentially as described [9-11]. B. 
slearothermophilus 1F2 was purified, as it will be 
described in a forthcoming paper, following a pro- 
cedure similar to that used for E. coli IF2. 

Aminoacyl-tRNA binding to 30 S ribosomal 
subunits was measured by standard nitrocellulose 
(Millipore HA, 0.45/~m) filtration [11]. Unless 
otherwise specified, each incubation mixture 
(50/A) contained: 50rnM Tris-HC1, pH 7.7; 
100 mM NH4C1; 7 mM Mg acetate; 1 mM 
dithiothreitol; 1 mM GTP; 15 pmol 30 S; initia- 
tion factors IF1, IF2 and IF3, when present, 
40 pmol each. The incubation mixtures also con- 
taincd the radioactive aminoacyl-tRNAs and the 
appropriate synthetic polyribonucleotides as in- 
dicated in each experiment. Unless otherwise 
specified, the reaction mixtures were incubated for 
15 min at 37°C. The reactions were stopped by ad- 
dition of 3 ml of buffer haviog the same ionic com- 
position as the corresponding incubation mixtures 
and passed through nitrocellulose filters. After 
washing with 3 ml o f  the same buffer, the filters 
were dried and the radioactivity determined. 

3. RESULTS 

In the course of studying the role of  IF2 in initia- 
tion complex formation, we observed that this fac- 
tor stimulated the binding of Phe-tRNA to 
poly(U)-programmed 30 S ribosomal subunits. In 
view of the popular interpretation of the role of 
IF2 in initiation, which attributes to this factor the 
selection of the initiator tRNA [1], this result was 
quite unexpected. 

The effect of IF2 can be seen from the results of 
a series of experiments summarized in fig.1. In 
these experiments, the binding of Phe-tRNA was 
studied as a function of incubation time (fig.lA), 
input of [~4C]Phe-tRNA (fig. 1B), input of poly(U) 
(fig. lC) and Mg 2+ concentration (fig.lD). In all 
cases, the amount of  Phe-tRNA bound is clearly 
higher in the presence of the factor than in its 
absence. In the experiment shown in table 1, we 
compared the ribosomal binding of  4 aminoacyl- 

6 . . . .  ~ r 

+FA + 5>! 
+ " -  +i + [ / 1 
- ~V / -i 

i ° ° i 

o . . . .  . . . . . .  ; 

time Imml 

g 
t .  

¥ 

6 . . . . .  1 1 . . . . . .  i 

[3 

! .......... ± . . . . . . .  J +  . . . . . .  

O0 100 200 

[;~[]Phe-IRNA Ipmoles} 

r r a , 1 ' T ~ F • r v ...... I -- 

,. . . . . . . . . . . . . .  z . . . . .  

0 1 2 10 20 10 ZO 
po[y{U) Ipgl Mg z÷ (raM) 

Fig. 1. Effect of IF2 on the poly(U)-dependent binding of 
Phe-tRNA tO 30 S ribosomal subunits. All experiments 
were carried out as described in section 2 varying only 
the parameters indicated in the abscissa. Open symbols: 
no initiation factors present; closed symbols: IF2 and 
IFI present. [~4C]Phe-tRNA binding as a function of: 
(A) time; (B) input of [14C]Phe-tRNA; (C) input of  
poly(U); (D) concentration of Mg acetate. A 
background count represented by the radioactivity 
remaining on the filters following incubation in the 
absence of template has been subtracted from all values. 

tRNAs (Phe-tRNA, Lys-tRNA, Asp-tRNA and 
Val-tRNA) in response to 3 different  
polynucleotides (poly(U), poly(AG), poly(UG)) 
containing their cognate codons. It can be seen 
that the total amount of bound aminoacyl-tRNA 
varies greatly from one system to another, possibly 
reflecting differences in the stability constants o f  
the individual ternary complexes [12,13]. In all 
cases, however, binding is substantially higher in 
the presence than in the absence of  IF2 (table 1). 
To rule out the possibility that these results might  
stem from preparation artefacts, we repeated the 
experiments with different preparations of 30 S 
ribosomal subunits, aminoacyl-tRNAs and IF2. 
Thus, we compared the activity of 30 S subunits 
prepared from both high-salt washed ribosomes 
and tight-couples and 30 S subunits preincubated 
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Table 1 

Effect of E. coli IF2 on the ribosomal binding of aminoacyl-tRNAs 

Additions 

Template Aminoacyl-tRNA pmol 

Aminoacyl-tRNA bound 

No factors + IF2,IF1 

cpm pmol cpm pmol 

Poly(U) [~4C]Phe-tRNA 15 685 0.98 1620 2.31 
Poly(AG) [3H]Lys-tRNA 82 1777 0.89 2594 1.30 
Poly(AUG) [3H]Asp-tRNA 150 101 0.08 661 0.50 
Poly(UG) [3H]Val-tRNA 20 287 0.13 578 0.26 
Poly(UG) [3H]Val-tRNA 40 317 0.14 679 0.30 

The binding assays were carried out as described in section 2 using E. coli 
30 S ribosomal subunits, the indicated polynucleotide templates (10/tg) and 
the indicated amounts of radioactive aminoacyl-tRNAs. A background 
count represented by the radioactivity remaining on the filters following 
incubation in the absence of template has been subtracted from all values 

October 1986 

with total proteins derived from 30 S subunits; we 
also used either mixtures of total E. coli tRNAs 
charged with phenylalanine or pure E. coli Phe- 
tRNA Phe. In all cases, we obtained results (not 
shown) similar to those presented in fig. 1. Similar 
results were also obtained with both homologous 
and heterologous 30 S ribosomal subunits when 
IF2 from a different bacterial source (i.e. the ther- 
mophilic gram positive B. s tearothermophilus)  was 
used (table 2). With E. coli IF2, the maximum 
stimulation of  Phe-tRNA binding (as well as that 

of the other aminoacyl-tRNAs) is obtained when 
IF1 is also present (table 3). IF1 alone, however, 
has no detectable effect. With B. stearother- 

mophi lus  IF2 and E. coli 30 S subunits the activity 
of  the factor is less dependent upon IFI (table 3). 

To determine the ribosomal site to which the 
IF2-dependent binding of  Phe-tRNA takes place, 
the 30 S-poly(U)-[14C]Phe-tRNA complexes made 
in the presence or absence of  IF2 were subjected to 
the puromycin reaction. In good agreement with 
earlier data [14]:i our results show that a large por- 

Table 2 

Effect of B. stearothermophilus IF2 on the ribosomal binding of aminoacyl-tRNAs 

Source of Additions Aminoacyl-tRNA bound 
30 S subunits 

Template Aminoacyl-tRNA pmol No IF2 + IF2 (B.. stearo.) 

cpm pmol cpm pmol 

B. stearo, poly(U) [14C]Phe-tRNA 60 815 1.16 1582 2.26 
E. coli poly(U) [14C]Phe-tRNA 8 780 1.11 1908 2.71 
E. coli poly(U) [14C]Phe-tRNA 42 1744 2.49 3650 5.21 
E. coli poly(AG) [3H]Lys-tRNA 20 2095 1.04 2990 1.50 
E. coli poly(AG) [3H]Lys-tRNA 110 2618 1.31 5924 3.00 
E. coli poly(UG) [3H]Val-tRNA 14 397 0.18 606 0.27 
E. coli poly(UG) [3H]Val-tRNA 60 1063 0.47 1225 0.55 

The conditions of this experiment were identical to those described in table 1 with the exception that 
the samples did not contain IF1 
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Table 3 

Effect o| IF1 on the lF2-dependent stimulation of Phe- 
tRNA binding to 30 S ribosomal subunits 

Expt Additions [14C]Phe-tRNA 
bound 

cpm pmol 

1 None 685 0.98 
IFI 631 0.90 

IF2 (E. colt) 1050 1.50 
IF2 (E. colt) + IF1 1623 2.31 

2 None 896 1.28 
IF1 780 1,11 

IF2 (B. stearo.) 2312 3.30 
IF2 (t3, stearo.) + IF1 2977 4.25 

3 None 815 1.16 
IFI 644 0.92 

IF2 (B. stearo.) 1582 2.26 
IF2 (B. stearo.) + IFI 3071 4.39 

The experimental conditions are essentially those 
described in section 2. The source of 30 S ribosomal 
subunits is E. coli in expts 1 and 2 and B. 
stearothermophilus in expt 3. [14C]Phe-tRNA added is 

15 pmol in expt 1 and 60 pmol in expts 2 and 3 

Table 4 

Puromycin reactivity of Phe-tRNA bound to the E. coli 
30 S ribosomal subunits in the presence or absence of 

IF2 and IFI 

Expt Initiation [14C]Phe-tRNA [14C]Phe-puro- 
factors bound mycin formed 
present (cpm) 

cpm % 

1 None 3513 1951 55.5 
IF1 + IF2 4796 4126 86.0 

2 None 3108 1750 56.3 
IF1 + 1F2 4442 3736 84.1 

The binding of [14C]Phe-tRNA to poly(U)-programmed 
30 S ribosomal subunits was carried out as described in 
section 2 in the presence or absence of the initiation 
factors as indicated. Following the binding reaction, 
50 S ribosomal subunits, in an amount 
stoichiometrically equivalent to that of the 30 S subunits 
and puromycin (final concentration, 1 raM) were added. 
To prevent possible translocation events, a 10-fold 
excess of cold Phe-tRNA (expt 1) or 0.1 mM fusidic acid 
(expt 2) was added together with the 50 S ribosomal 
subunits. The puromycin reaction was carried out for 
30 rain at 37°C essentially as described by Leder and 

Bursztyn [15] 

tion (_>50%) of the Phe-tRNA bound in the 
absence of IF2 is puromycin-reactive (table 4). 
Moreover, it was found that the Phe-tRNA bound 
in the presence of IF2 is also, for the most part 
(_> 80%), in the P-site (table 4). Furthermore, the 
addition of increasing amounts of non-radioactive 
NAcPhe-tRNA was found to chase completely 
from its site on the 30 S ribosomal subunit the 
radioactive Phe-tRNA bound in the presence of  
IF2 (not shown). Taken together, these data in- 
dicate that IF2 stimulates the binding of  Phe- 
tRNA to a ribosomal site equivalent to the P-site 
rather than 'opening'  or stabilizing a weak A-site 
binding. 

To determine whether the stimulation by IF2 
could be explained by the existence of a binary in- 
teraction between the factor and Phe-tRNA in the 
absence of the ribosome, we looked for an 
IF2-dependent protection of Phe-tRNA [16]. 
Similar experiments had allowed Petersen et al. [4] 
to assess the existence of  an IF2-fMet-tRNA in- 
teraction. Our results clearly show that the rate of  
Phe-tRNA hydrolysis is identical in the presence 

and absence of E. coli IF2 (fig.2A). The primary 
and presumably the secondary and tertiary struc- 
tures of E. coli and B. stearothermophilus IF2 are 
rather similar [17]; in the absence of ribosomes, 
however, B. stearothermophilus IF2 displays a 
substantially greater affinity for fMet-tRNA and 
NAcPhe-tRNA than E. coli IF2 (unpublished). 
Nevertheless, in protection experiments similar to 
those described above, B. stearothermophilus IF2 
showed no measurable affinity for Phe-tRNA 
(fig.2A). Thus, our data demonstrate the inability 
of  IF2 to protect Phe-tRNA from hydrolysis under 
conditions where nearly complete protection of  
both fMet-tRNA and NAcPhe- tRNA are ob- 
served. Furthermore, addition of cold Phe- 
tRNA Phe, even in large (100-fold) excess, was 
found not to diminish the IF2-dependent protec- 
tion of  these N-blocked aminoacyl-tRNAs 
(fig.2B). From this experiment, we can rule out 
that IF2 might interact with Phe-tRNA without 
protecting it from hydrolysis because, unlike the 
case with the ce-NHz-blocked aminoacyl-tRNAs, 
the ester bond within the complex remains accessi- 
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Fig.2. Lack of binary interaction between Phe-tRNA 
and IF2. (A) Spontaneous hydrolysis of [14C]Phe-tRNA 
in the presence and absence of IF2 from E. coli or B. 
stearothermophilus. Three 0.1 ml reaction mixtures 
were prepared each containing 100 mM Tris-HC1, pH 8, 
100 mM NH4C1, 6 mM MgC12, 6 mM #- 
mercaptoethanol, 1 mM GTP and 3.4 x 10-7M 
[14C]Phe-tRNA. One incubation mixture contained no 
IF2 (o), the others contained 4.3 × 10 -6 M IF2 from 
either E. coli (e) or B. stearothermophilus (A). The 
tubes were incubated at 37°C and 10#1 aliquots were 
withdrawn from each sample at the indicated times and 
spotted onto Whatman 3MM paper discs for 
determination of the residual acid-insoluble 
radioactivity. (B) Lack of competition between Phe- 
tRNA Phe and fMet-tRNAf Met for binding to B. 
stearothermophilus IF2. The experiment was carried out 
as described above with 3.1 x 10-TM f[3H]Met- 
tRNA~ ct and with (a)  and without (A) 2.4 x l 0  -6  M 
IF2 from B. stearothermophilus. In addition to IF2 and 
f[3H]Met-tRNAy Met, some samples contained non- 
labelled Phe-tRNA Phe in a 25-fold (o),  50-fold ( i ) ,  and 

100-fold (o) molar excess over the fMet-tRNA~ et. 

ble to the solvent.  Thus,  since no b inary  interac- 
t ion with Ka >- 104 M -1  between IF2 and  

P h e - t R N A  takes place, we can conclude that the 
s t imula t ion  of  the r ibosomal  P h e - t R N A  binding  by 
IF2 is not  due to a tRNA-carr ie r  mechanism.  

To under s t and  better  the mechanism of  the 
IF2-dependent  s t imula t ion  of aminoacy l - tRNA 
binding,  we investigated whether IF2 might "in- 
fluence the rate of exchange between free and 
r i bosome-bound  aminoacy l - tRNA.  Thus,  30 S- 
poly(U)-[14C]Phe-tRNA complexes were formed in 

the presence or absence of IF2 and IF1 after which 
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Fig.3. Effect of initiation factors on the rate of exchange 
of 30 S-bound Phe-tRNA. Reaction mixtures for the 
binding of [14C]Phe-tRNA to E. coli 30 S ribosomal 
subunits (see section 2) were scaled up five times. The 
binding reaction was carried out either in the absence of 
initiation factors (A) or in the presence of IF1 and IF2 
(e) or of IFI, IF2 and IF3 ( i ) .  The values for binding 
at time 0 min represents the amount of complex formed 
in 1/5 of each reaction mixture after the standard 15 min 
incubation at 37°C. The incubation was continued with 
the rest of the samples after adding to each of them non- 
labelled Phe-tRNA in a 5-fold molar excess over 
[t4C]Phe-tRNA. Samples were withdrawn after 0.5, 1, 3 
and 6 min to determine the residual amount of [~4C]Phe- 

tRNA retained in the ternary complex. 

an excess of  unlabel led Phe - tRNA was added. The 
a m o u n t  of radioactive P h e - t R N A  remaining  in the 
complexes was then determined as a funct ion  of 
the t ime allowed for the exchange. Since it is well 
established that  IF3 strongly accelerates the rate of 
this exchange [18], we included,  as a positive con- 
trol,  a 30 S-poly(U)-[14C]Phe-tRNA complex 
formed in the presence of  all three factors. As seen 
f rom fig.3, compared  to the case where no factors 
are present,  the rate of P h e - t R N A  exchange is 
drastically reduced in the complex conta in ing  IF1 
and  IF2 while, as expected, the presence of IF3 
resulted in a much  faster exchange. 

4. DISCUSSION 

We have demons t ra ted  that  IF2 can st imulate 
the b ind ing  to the 30 S r ibosomal  subuni ts  of 4 dif- 
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ferent aminoacyl-tRNAs with free cr-NH2 groups. 
Even though the extent of the stimulation and the 
total amount of  ternary complex formed is dif- 
ferent with each aminoacyl-tRNA and with each 
type of template used, stimulation by IF2 was 
observed under all conditions tested. Initiation fac- 
tor IF1, which alone had no effect, was required 
for maximum activity with E. coli and, to a lesser 
cxtent, with B. stearothermophilus IF2. The effect 
of IF1 can be taken as an additional indication that 
the activity described here bears close resemblance 
to that by which IF2 stimulates the formation of 
30 S initiation complexes. 

We have also shown that IF2 affects a tRNA 
binding site of the 30S  ribosomal subunit 
equivalent to the P-site and slows down con- 
siderably the rate of  exchange between free and 
30 S-bound aminoacyl-tRNA. This can be ex- 
plained by a decrease in the off-rate of the codon- 
dependent aminoacyl- tRNA-ribosome interaction. 
Since IF2 was also found to produce a strong in- 
crease in the apparent first order rate constant of 

Phe Phe-tRNAprf37 binding to poly(U)-programmed 
ribosomes [5], it seems that IF2 affects both on- 
and off-rates of  the (presumably numerous) transi- 
tions leading to the formation of a ternary complex 
from a pre-ternary complex and vice versa [2,3,5]. 
The final consequence of these changes is a more 
or less marked shift to the right (i.e. towards 
association) of  the overall equilibrium regardless 
of the type of  template or aminoacyl- tRNA (e.g. 
fMet-tRNA or NAcPhe- tRNA in the widely 
studied cases or, as in the present report, 
aminoacyl-tRNAs with free o~-NH2 groups). 

The present data show that IF2 has no 
measurable affinity for the aminoacyl-tRNAs 
whose ribosomal binding it stimulates. The most 
restrictive interpretation of these results is that IF2 
alters somehow the properties of  the 30 S 
ribosomal subunits to which it binds. On the other 
hand, if the stimulation of the ribosomal binding 
of the aminoacyl-tRNAs is taken as a model for 
the mechanism of action of IF2, such a mechanism 
must operate without the need for the formation of 
an IF2- (initiator) aminoacyl-tRNA complex off  
the ribosome. 

So far, it has been assumed that the selection of  
the initiator tRNA is due to the discrimination of 
IF2 against aminoacyl-tRNAs bearing free ce-NH2 
groups. Since the present data show, however, that 

IF2 can stimulate the ribosomal binding of  these 
aminoacyl-tRNAs, the issue of the mechanism o f  
fMet-tRNA selection should be reconsidered. 
While we do not yet have a satisfactory answer to  
this problem, it should be mentioned that,  though 
stimulated several-fold by IF2, the binding of Phe-  
tRNA was found to be substantially slower than  
that of  the corresponding N-acetylated form [5,9] 
and that the off-rate f rom ribosomes of non-  
initiator aminoacyl-tRNAs is increased by IF3 
([18] and see also fig.3) much more than that o f  the 
initiator fMet-tRNA [13]. Thus, the available da ta  
seem to be in line with the hypothesis o f  a kinetic 
selection of  the correct initiation complex 
mediated by the initiation factors [2,3]. 
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