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We describe an E. coli riboscnne system which forms only the first 
peptide bond of f2 pmxns. Intact f2 RNA directs formation of the 
amino-terminal dipeptides of both the coat and maturation protein, a 
result showing directly that ribosomes can independently attach to 
two sites on the f2 RNA. A specific fragment of f2 RNA directs forma- 
tion also of the first Reptide bond of the RNA polymerase. 

IRTROBUCTION 

The single-stranded RNA from small bacteriophages such as f2 codes for 

only three known proteins: coat protein, maturation or "A" protein (a minor 

component of the virus particle) (1) and the phage RNA polymerase ( 2,3 ). 

When f2 RRA is used as messenger in a cell-free system from Escherichia 

coli, the predominant reaction product is the virus coat protein (4). f2 

RNA directs the synthesis as well of the two other virus proteins: RNA 

polymersse, made at 30s the amount of coat protein (5,6,7,8), and the 

maturation protein, made at one to three percent of the coat (7,8). 

* present address 

127 



Vol. 37, No. 1, 1969 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Using specific fragments of f2 RNA we could show that each of the f2 

genes can be translated independently of the synthesis of the other pro- 

teins (7). It was also apparent that even the intact f2 RNA is not 

translated sequentially from one end, as predicted in some models of 

messenger RNA translation (9). Rather, the synthesis of the f2 coat 

and maturation proteins proceeds simultaneously and independently, al- 

though at markedly different rates. However, translation of the poly- 

merase gene follows and is dependent on synthesis of at least part of the 

coat protein (7,24-27). These results suggested a model of f2 translation 

(7&O) l g* _c coli ribosomes attach independently, although at different rates, 

to two sites on the f2 KNA - - at the site for initiation of translation of 

the coat and maturation proteins. Ribosome attachment to the beginning 

of the polymerase gene, however, would be dependent on a change in the 

RNA tertiary structure which we postulate occurs during translation of 

the coat gene. 

In the current work we test some of the predictions of this model 

using a ribosome system which directs formation of only the first pep- 

tide bona of the f2 proteins. Under conditions where degradation of 

intact f2 RNA is minimal, g. coli ribosomes do direct formation of the 

initial peptiae bona of the coat and maturation proteins, but not of 

the polymerase protein. 

RESULTS AND DISCUSSION -- 

The composition of the reaction mixture is contained in the legend to 

Fig. 1. Except for the supernatant enzymes, all of the components 

necessary for protein synthesis (11) are added. As all f2 proteins 

begin xith N-foxmy methionine, we used N-for@ (35S) methionyl tRNA 

to label the peptiaes f0ma. The reactions were incubated at 37°C for 

up to 10 minutes. After mild alkaline digestion to hydrolyze the peptiayl- 

tRNA linkage, the radioactive products were analyzed by paper ionophoresis 

at PH 3.5. In a reaction without added viral RNA ( Fig. le ), one finds 
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Fig. 1. Formation of lV-formylmethionyl aminoacyl tRNA. 
(a) directed by 278 f2 RNA. 
(b) direcw by a complex of 27s f2 &U and coat protein. 

t 
c) directed by l&S RNA. 
d) directed by a complex of 14s RNII and coat protein. 

(e) without added FLNA. 
Reaction mixtures ( 0.1 ml ) contained, per ml: 100 vies Tris Acetate, 

pH 7.2; 50 poles KCl, 5 poles MgC12~ 0.3 poles G'IPj 400 pg E. coli 
tRNA charged with (35s) methionine ( 5000 mc/mM; about 74 of %tmne 
tRKA formylated ) and 19 non-radioactive amino acids; 19 A260 units g. coli 
ribosomesf and 200 vg initiation factors. Phage RNAts were added at 3Or 
pg/ml and coat protein (22) at 96 pg/ml, equivalent to 20 molecules per 
molecule of f2 RI@. Ribosomes and crude initiation factors were prepared 
from E. coli MF&OC cells by the procedure of Anderson et al. (23), except 
that xhexosomes were pelleted 3 times in 0.06M NH@l?oi&ion before 
the initiation factors were removed from the ribosomes in 2.OM IiE4Cl. 
Incubation was for 3 minutes at 37°C. 0.5 ml O&M triethylamine was added 
and the reaction incubated at 37°C for one hour. After lyophilization the 
samples, together with marker peptides, were analyzed by paper ionophoresis 
at pH 3.5. Radioactivity was measured in a Packard 7201 strip scanner at 
0.5 em/min, with a loo0 cts/min scale. Marker peptides were visualized 
with the platinic iodide stain. 
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only radiosctive methionine, formyl methionine, and formyl methionine 

sulfoxide, all of which are derived from the tRNA added to the reaction. 

Addition cf 27s f2 PiTA results in formation of two new radioactive peptides, 

I and II ( Fig. la ). 

Identification of products. - Peptide I is N-formyl methionyl alanine 

( FMet Ala ), the dipeptide at the amino terminus of the f2 coat protein 

(12). I was inseparable from authentic FMet Ala by paper ionophoresis at 

pH 3.5, 4.5, and 6,5, and in the paper chromatography in the solvent 

system described previously (7). After treatment of I with dilute HCl 

to remove any formy residue, it yielded a radioactive peptide inseparable 

from the marker methionyl alanine. Furthermore, in one experiment ULNA 

charged with (35 S) methionine and (3H) alanine was used, and the peptide 

I formed contained equimolar amounts of (35S) and (3H) radioactivity. 

Peptide II is N-formyl methionyl arginine, the dipeptide found at the 

amino terminus of the f2 maturation protein (10,13). It is formed in 

15$ the amount of I. In experiments in which tRNA charged with (35S) 

methionine and different ( 3 H) amino acids was used, radioactivity from 

only (3H) arginine was recovered in peptide II. Figure 2 shows chat 

II has an electrophoretic mobility identical to that of the tryptic 

peptide ( E ) containing formyl (35S) methionine which is found at 

the amino terminus of the f2 maturation protein synthesized in vitro. -- 

Likewise, deformylation of peptide II and tryptic peptide E yielded 

peptides with identical ionophoretic mobilities ( Fig. 2 ). 

These results suggest that, with intact f2 RNA, E. coli ribosomes 

direct formation of the first peptide bond both of the f2 coat and 

maturation proteins. This implies that ribosomes can attach to at 

least two si-Las on a messenger RNA. However, two ribosomes might 

not be able to attach simultaneously to the same messenger; possibly 

initiation of one protein precludes ribosome attachment to the 

beginning of the other gene. Note that with 27s f2 l-m no N-formy 
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Fig. 2. Identification of FMet peptide II. 
(a) Peptide II treated with JICl. 
(b) Mixture of tryptic peptides E and F from the amino terminus of the 

maturation protein. 

Peptide II 
i 

Fig, la ) was eluted from the paper, and digested with 0.25 
H EClrdioxane 1:l) at 37°C for 16 hours. Under these conditions about 60$ 
of the for-my1 residue is removed from typical FMet peptides. Peptides E 
and F are labeled with (358) methionine; E is the formylmethionine- 
containing peptide from the amino terminus of the maturation protein, and 
F is its deformylated derivative ( ref, 7,8 ). The two samples were 
analyzed by paper ionophoresis at pH 3.5 on adjacent regions of a sheet of 
W PaPer. 

methionyl serine ( FMet Ser ) is formed ( Fig. la ). Since this is 

the amino terminal sequence of the f2 RNA polymerase (7), we can 

conclude that ribosomes cannot directly initiate synthesis of RDA 

polymerase, a result which is also consistent with our model of f2 

IWA translation. 

Intactness of f2 PITA. --w Figure 3 shows that over 95% of the f2 RNA 

used in these reactions sedimentcd vith an S20 of 27, characteristic 

of wholef2 RNA molecules. When labeled RNA was used and reisolated 

after three or ten minutes reaction, still over pC$ of the material 

sedimented at 27s. Since both the binding to ribosomes of FMet tRNA 

(15) and the formation of the two FMet dipeptides ( unpublished ob- 

servation )were linear with time for at least 10 minutes at 37'C, it 
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Fig. 3. Sucrose gradient analyses of (3H) f2 RNA. 
(Top) Sample of WA added to reaction mixture. 
(Bottom) RNA reisolated from the reaction after 3 and 10 minutes 

incubation. 

275 f2 RN4 containing(%) 
RKk ) was used. 

uracil ( approximately 4.4 x lo4 cts/min/mg 
In the bottom panel, 0.5 ml aliquots frcun a reaction of 

composition identical to that of Fig. 1 were chilled at the indicated 
times, and immediately extracted with an equal volume of water-saturated 
phenol. After precipitation with ethanol, the RNA was dissolved in 0.1 
ml water and layered on a 4.8 ml 5-20 percent sucrose gradient containing 
O.lOM NaCl; O.Ow Tris, pH 7.5; and 0.546 sodium dodecyl sulfate. 
CentriPugation was for 150 minutes at 50,000 rpm, 20°C, in the ~~65 
rotor of the Model L-2 ultracentrifuge. Total radioactivity was 
determined on each fraction by drying an aliquot on a fiberglass filter 
and counting in a scintillation counter. Centrifugation is fram right 
to left. 

appears unlikely that the synthesis of either FMet Ala tRhA or Met 

Arg tRNA is directed exclusively by some fragment of f2 RNA produced 

during the reaction. However, since the amount of FMet Arg tIU?A 

produced is only about 5s that of the P2 FUiA bound to ribosomes, it 
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is possible that only some minor component in the added f2 RNA does 

direct the synthesis of FMet Arg tRNA. 

Table 1 

Synthesis of N-formyl (35S)-methionyl smlnoacyl tRNA directed by f2 RNA 

Reaction 

Complete 

Minus f2 RNA 
Minus initiation 

factors 

Minus GTP 
Minus GTP, plus 

GMPPCP 

No alkaline 
hydrolysis 

Bound to 
Ribosomes 

3.19 

0.27 
0.32 

0.25 
1.38 

ypoles/O.l ml. (35S) FMet 

In formylmethionyl- In formylmethionyl- 
alanine arginine 

0.28 0.04 

0.03 0.01 

0.03 0.01 

0.03 0.02 

0.03 0.01 

0.02 0.01 

Reaction mixtures ( 0.2 ml ) are described in the legend to Fig. 1. 
GMPPCP was used at 0.3 poles/ml. After 3 minutes incubation at 37"C, a 
100 fi aliquot from each was diluted into 5 ml of ice-cold buffer ( 0.l.M 
Tris, pH 7.2; O.Op KClj O.OOgM MgCl ) and filtered through a prewetted 
Mi~~.ipore filter ( HAWP, 2.4 cm )0 &?ter washing the filter with four 5 
ml batches of buffer, the filters were dried and counted; the radioactivity 
represents (35s) FMet tRNA bound to ribosomes (23). The remainder of the 
reaction was digested tith triethylamine and analyzed as in Fig. 1. 

Requirements. The requirements for the formation of FMet dipeptides 

are shown in Table 1. f2 RNA, GTP and crude initiation factors are 

required both for binding to ribosomes of FMet tRNA and formation of 

FMet Ala tRNA and FMet Arg tRNA. Guanosine methylene diphosphonate 

( GMPPCP ), an analog of GTP which cannot be hydrolyzed to GDP (lb), 

can replace GTP in the binding of FMet tRNA to rlbosomes, but not in 

the formation of FMet sminoacyl tRNA. This is in agreement with the 

inability of GMPPCP to substitute for GTP in the formation of N-formyl 

methionyl puromycin in a reaction similar to that used here (15). No 
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FMet Ala or FMet Arg is observed if the reaction is not hydrolyzed with 

alkali, a result showing that all dipeptides formed are still attached 

to a GINA. 

Apparently our reaction system is deficient in the G ( or translo- 

cation ) enzyme of protein synthesis (u&6,17), for we observe no 

tripeptides ( e.g. foql methionyl alanyl serine from the f2 coat 

protein ) or other oligopeptides. This interpretation is supported by 

the observation that fusidic acid, a drug which specifically inhibits 

the G translocation reaction (16,18) has no effect either on the 

binding to ribosomes of FMet tRNA or on the fomtion of FMet Ala tRNA 

or FMet Arg tRNA. 

14s RNA. v- Finally, we consider the ability of a specific fragment of 

f2 RNA, 14.4s RNA, to initiate protein synthesis. We have previously 

shown that 14s RNA directs synthesis of maturation and polymerase 

protein, but only a very small amount of coat protein, presumably 

because it does not contain the f2 coat protein gene (7,19). In 

contrast to 27s f2 RWI, 14s FQZA directs synthesis of polymerase in 

the absence of synthesis of f2 coat protein. This suggests that, in 14s 

RNA but not 27s f2 RNA, ribosomes can attach directly to the site for 

initiation of polymerase synthesis. Consistent with this explanation, 

Fig. lc shows that 14s RNA does direct the formation of peptide III, 

which is FMet Ser (the dipeptide at the amino terminus of the polymerase), 

as well as of peptide II, F'Met Arg. The small amount of peptide I pro- 

auced may represent residual initiation of coat protein synthesis or, 

alternatively, initiation at some artifactuaL site on 14s RNA which does 

not correspond -to any known f2 protein. 

To show that the FMet Ser tRNA produced does inteed derive from the 

amino terminus of the polymerase, we take advantage of the finding that 

f2 coat protein binds to f2 RNA in such a manner as to inhibit specif- 

ically synthesis of RNA polymerase, but not of coat and maturation protein 
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(7,20,21). Figure ld shows that addition of 6 moles of coat protein >er 

mole of 14s RNA specifically inhibits formation of F‘Met Ser tRNA, but 

has no effect on synthesis of F'Met Arg tRNA or FMet Ala tRNA (Fig. I-j. 

Taken another vay, these results show that coat protein binds tc f2 

RNA in such a manner as to inhibit initiation of synthesis of RNA poly- 

merase. Presumably the coat protein bindips site is near, if not iden- 

tical to, the site for initiation of polymerase synthesis. 

The results also show that the inability of 27s RNA to direct forma- 

tion of FMet Ser tRNA is not due to some deficiency in the assay 

system but rather that E. coli ribosomes actually cannot attach to the 

site for initiation of polymerase synthesis. One prediction of 3ur 

model of f2 translation is that it should be possible to modify the 

tertiary structure of 27s f2 RNA so that it can directly initiate 

synthesis of RNA polymerase. The system for formation of FMet 

aminoacyl tRNA's reported in this paper should facilitate the detection 

of such changes in RXA tertiary structure (10). 

This research was supported by grant #AI-O8814 from the U.S. National 

Institutes of Health and by a postdoctoral fellowship from the American 
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