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Abstract 
In an attempt to understand how Escherichia coli ribosomes recognize the initiator codon on mRNAs lacking the Shine-Dalgarno (SD) sequence, 

we have studied 30s initiation complex formation in extension inhibition (toeprinting) experiments using (-SD)mRNAs which are known to be 
reliably translated in E. coli: the plant viral messenger AlMV RNA 4 and two chimaeric mRNAs coding for p-glucuronidase (GUS) and bearing 
the S-untranslated sequence of TMV RNA (Q) or the O-derived sequence (CAA), as S-leaders. Ribosomal protein Sl and IF3 have been found 
to be indispensable for translational initiation. Protein Sl appears to be a key recognition element. Sl binds to sequences within the leaders of 
(-SD)mRNAs thus providing their affinity to E. coli ribosomes. 
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1. Introduction 

E. coli ribosomes are able to translate mRNAs from 
a wide variety of sources, independently of the length of 
the Shine-Dalgarno (SD) region [l]. The most intriguing 
examples of such ‘non-specific’ translation are plant viral 
messages such as AlMV RNA 4 and TMV RNA, which 
can be recognized with high specificity and reliably trans- 
lated by E. coli ribosomes despite the absence of any 
consensus SD sequences [2,3]. Moreover, S-untranslated 
sequences of these mRNAs or derivatives thereof serve 
as translational enhancers in the E. coli system when 
placed at the 5’-end of the coding sequence of the re- 
porter gene [4-81. R, the 68-base leader of TMV RNA 
and R-derived sequences as well as the 37-base leader of 
AlMV RNA 4 are devoid of G-residues and therefore are 
not able to form a complementary duplex with the 3’-end 
of 16s RNA. The question is what kind of interaction 
promotes ribosome-messenger recognition in this unu- 
sual case. 

A key component which makes E. coli ribosomes non- 
specific in that they are able to translate mRNAs with 
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Abbreviations: Omega (Q), Y-untranslated sequence of tobacco mosaic 
virus (TMV) RNA; AlMV RNA 4, the subgenomic mRNA for alfalfa 
mosaic virus coat protein; GUS, the sequence coding for /3-glucu- 
ronidase of Escherichia coli; RT, reverse transcription; AMV RTase, 
reverse transcriptase from avian myoblastosis virus. 

weak SD sequences seems to be ribosomal protein Sl [l]. 
Ribosomes from B. subtilis and most other Gram-posi- 
tive species lack Sl and exhibit specific translation being 
able to translate only homologous mRNAs, or mRNAs 
with ‘strong’ SD regions [l]. Protein Sl, the largest ribo- 
somal protein, has bidomain structure [9]. It is attached 
to the 30s ribosomal subunit via its N-terminal globular 
domain by means of protein-protein interactions [ 10,111, 
whereas its elongated RNA-binding C-terminal domain 
functions as an ‘mRNA catching arm’ of the ribosome 
[12]. Earlier, we have shown that during initiation of 
translation protein Sl interacts with mRNAs in a site- 
specific manner [ 131. On several natural mRNAs we have 
identified Sl-binding sites and proposed that they serve 
as additional recognition signals for E. co/i ribosomes 
during initiation of protein synthesis [ 131. Localization of 
the Sl-binding sites within S-untranslated regions of the 
messengers [13] makes it reasonable to suggest that recog- 
nition of the (-SD) plant viral leaders by E. coli ribo- 
somes can also be provided by interactions with protein 
Sl. 

Here, we present the results of our studies on the role 
of Sl in initiation complex formation between E. coli 30s 
ribosomal subunits and (-SD)mRNAs containing the 
plant viral leaders or derivatives thereof. AlMV RNA 4 
and two chimaeric #&glucuronidase mRNAs bearing R- 
derived sequences upstream of the coding region have 
been obtained by in vitro transcription and tested for the 
ability to form 30s initiation complexes by toeprinting 
technique [14]. We have found that it is protein Sl that 
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provides ribosome-messenger recognition in the absence 
of SD interactions, and identified target sites for Sl 
within the S-untranslated plant viral sequences. 

2. Materials and methods 

2.1 30s subunits and protein SI 
Several tvoes of 30s subunits isolated from E. coli MRE-600 strain 

have been used in the experiments. Initiation factor-free 30s subunits 
were isolated from so-called ‘tight 70s ribosomes’. 30s particles with 
high content of IF3 (0.551 molecules per subunits) were separated from 
cell extract as free 30s subunits during the first step of modified isola- 
tion procedure for 70s ‘tight couples’ [15]. The detailed protocol will 
be published elsewhere. In fact, these particles are so-called ‘native 30s 
subunits’ with the suggested initiation function in the cell [16]. 30s 
particles lacking protein Sl were prepared using poly(U)-Sepharose [9]. 
Protein Sl was isolated and purified as described previously [I 11. 

2.2. Preparation of mRNAs 
RNA synthesis in vitro and purification were performed with the 

reagents and according to protocols of the Riboprobe Gemini System 
II (Promega). The plasmid pT7-2-42 bearing the sequence for AlMV 
RNA 4 under the control of the T7 promoter was provided by K. 
Langeris (University of Leiden). The plasmid was linearized at the 
EcoRI site and used for mRNA preparation. 

The plasmids pJIIlOO1 and pJII1031, containing chimaeric genes 
coding for /I-glucuronidase (GUS) [17] with the R-derived 5’-untrans- 
lated regions, were a gift of Dr. T.M.A. Wilson. The plasmid pJII1001 
linearized at the San site downstream from the GUS sequence did not 
produce workable quantities of the Q-GUS mRNA from the T7 pro- 
moter, possibly because of the inefficiency of incorporation of U-resi- 
dues in the first nucleotides transcribed (see also [S]). To obtain suffi- 
cient amount of the Q-GUS mRNA, the EcoRI-San fragment of the 
pJIIlOO1 was inserted into the corresponding sites of pGEM-4 
(Promega) under the control of the SP6 promoter. The resulting plas- 
mid pG4J-01 linearized at the Safl site gave sufficiently high yield of 
the R-GUS transcript. 

The second GUS encoding plasmid pJII1031 contains behind the T7 
promoter one of the two main sequence motifs of the original 51, 
(CAA), as a Y-untranslated sequence (see [8]). To obtain the (CAA),- 
GUS transcript for toeprinting assay, pJII1031 was linearized at the 
EcoRV site that led to shortening of the GUS sequence up to the 
position +558 without any influence on translational initiation effi- 
ciency of the resulting mRNA. 

2.3. Extension inhibition analysis (toeprinting) of 30s initiation complex 
formation with (-SD)mRNAs 

To form initiation complexes, 30s ribosomal subunits, the prepared 
in vitro and purified (-SD)mRNAs, and uncharged initiator tRNA 
(Boehringer-Mannheim) were incubated in binding buffer (20 mM Tris- 
HCI, pH 7.600 mM MgCl,/lOO mM NH&l/6 mM B-mercaptoethanol) 
for 10 min at 37°C. Usually, a 10~1 incubation probe contained about 
0.4 pmol of the mRNA annealed with the 5’-labeled primer, 4 pmol of 
30s subunits and 40 pmol oftRNA,M”. In experiments on S 1 dependence 
of initiation complex formation, free Sl in binding buffer or an equal 
volume of the buffer was added. Primers used in primer extension 
reactions had complementarity to the regions within the known coding 
sequences of AIMV RNA 4 [ 181 and the GUS mRNA [17] (correspond- 
ing positions indicated in brackets): 

AIMV RNA 4 primer 

GUS primer 
5’-AGGCTTCGGCAGTTGAGC-3’ (+81 to +98) 

5’mGCGATCCAGACTGAATGC-3‘ (+57 to +74) 

Efficiency of initiation complex formation was tested by toeprinting 
according to Hartz et al. [14] with minor modifications. 

2.4. RNase protection experiments (footprinting of the SI-binding sites) 
For the O-GUS mRNA, 0.330.4 pmol of the mRNA was incubated 

in binding buffer with increasing amounts of Sl or equal volumes of 
the buffer for 10 min at 37°C. Subsequently, 3 pg of carrier tRNA and 

1 ~1 (0.25 U) of RNase PhyM (Pharmacia) were added. The reaction 
volume was lo@. Digestion was allowed to proceed for 15 min at 37°C 
and stopped by the addition of 20 ~1 of 0.4 M Na-acetate (pH 5.2)/ 
20 mM EDTA containing 0.2 mg/ml of carrier tRNA, followed by 
phenol extraction and precipitation with ethanol. 

AIMV RNA 4 was digested with RNase T2 (10m4 U, Sankyo) for 10 
min at 37°C in the presence of or without Sl. All procedures were 
essentially the same as described above for the R-GUS transcript. The 
digested mRNAs were analysed by primer extension. 

In the case of the (CAA),-GUS mRNA, a special protocol was 
developed to minimize a number of operations in order to prevent the 
leader from an undesirable decay. 0.3 pmol of the (CAA),-GUS tran- 
script in the presence of 0.7 pmol of the 5’-labeled GUS primer was 
incubated without or with increasing amounts of Sl in 7 ~1 of binding 
buffer for 15 min at 37°C. Subsequently, each reaction probe was 
supulied with 1 ul (3 ma/ml) of carrier tRNA. 1 ul (0.1 U) of RNase 
P&M and 1 ,ul’ of RT-mix’(0.8 mM dNTP, 1.8’ U ‘of AMV reverse 
transcriptase (Omutninsk) in binding buffer). Reaction was allowed to 
proceed for 15 min at 37°C and stopped by addition of 40 ~1 of 0.5% 
SDS/5 mM EDTA, followed by phenol extraction and ethanol precip- 
itation. Primer extension products were analysed on a 8% sequencing gel. 

3. Results 

3.1 Initiation complex formation between E. coli 30s 
ribosomal subunits and (-SD)mRNAs: requirements 
for protein Sl and IF3 

The mRNAs chosen for the present work contain the 
naturally occuring S-untranslated region (AlMV RNA 
4) or the derivatives of the original TMV leader sequence 
(P-GUS and (CAA),-GUS mRNAs). The nucleotide 
sequences of the translational initiation regions of these 
(-SD)mRNAs are shown in Fig. 1. Additional nucleo- 
tides at the 5’-ends of the transcripts appearing as a result 
of gene engineering manipulations are omitted. 
Toeprinting data show (see below) that they have no 
effect on specificity of translational initiation. The results 
of sequencing revealed that the transcript obtained from 
pG4J-01 (P-GUS mRNA) had two point deletions in 
the original B sequence (deleted nucleotides indicated in 
parentheses; Fig. 1). 

To test the (-SD)mRNAs for the ability to form trans- 
lational initiation complexes with E. coli ribosomes, 
toeprinting technique developed by Hartz et al. [14] has 
been used. In general, toeprinting efficiency is a good 
indication of mRNA translational activity. Initiation 
factor-free 30s subunits plus uncharged initiator tRNA 
form detectable by toeprinting initiation complexes with 
the majority of phage or bacterial messages ([13,14,19] 
and our unpublished results). We found that this was not 
the case with the (-SD)mRNAs. Among the several 
preparations of 30s ribosomal subunits used in toeprint- 
ing experiments, only those of them which contained 
initiation factor 3 (IF3) were able to form ternary initia- 
tion complexes generating revertase stop signals 
(toeprints). Another component that was found to be 
absolutely indispensable was protein Sl. Fig. 2 illustrates 
these results obtained with AlMV RNA 4, but the same 
requirements were shown for the both GUS mRNAs as 
well. 
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I 

ALMV RNA 4: ..G"""""A"""""AA""""C"""CAAA"AC""CCA"CA"GAG""C""CACAA~AG... - 

st(-GUS: . ..UAUUUUU(A)CAACAAUUACCAACAACAACAAACAA(C)AAACAACAUUACAAUUAC 

ii 
UAUUUACAAUUACCAUGGUCCGUCCUGUAGAAACCCCAACCC... 

(CAA)"-GUS: . . GCAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAA 

JJ 
CAACAACAACACCALJGUCCGUCCUGUAGAAACCCCAACCC... 

Fig. 1. The nucleotide sequences of the translational initiation regions of ALMV RNA 4 and two GUS mRNAs bearing the f&kived leaders. The 

initiator AUG codons are underlined, the toeprint positions are indicated by arrows. 

On addition of free IF3, factor-free 30s particles ac- 
quired the ability to form ternary initiation complexes 
with the (-SD)mRNAs (data not shown). Subsequently, 
we were concentrated on the role of Sl in mRNA binding 
and used for toeprint experiments 30s subunits with high 
content of IF3 (see section 2.1). With all three 
(SD)mRNAs distinctive toeprints can be observed (Fig. 
3). Usually, a reverse transcription stop signal corre- 
sponds to the position + 15 (when U in the initiator AUG 
is taken as +l) [14], but in several cases double toeprints 
(+ 15, + 16) appear on a gel [ 191. In our experiments, two 
stop signals at +15 and +16 represent ternary complexes 
with the P-GUS and (C&A),-GUS transcripts (Fig. 3). 

toeprint 4 

Fig. 2. Effect of the presence of protein Sl and IF3 on the ability of E. 
co/i 30s subunits to form ternary initiation complexes with ALMV 
RNA 4. Toeprint experiments were performed as described in section 
2. The toeprint band is indicated by asterisk, the bands representing the 
initiation codon are marked on sequencing lanes. 

Although strengths of toeprints are not high, it is evi- 
dent that ternary complex formation in the case of the 
(CAA), leader is more efficient that with the P-GUS 
mRNA (Fig. 3). These results are in a good agreement 
with the translational activities of the corresponding 
mRNAs observed in vivo where the (CAA), leader di- 
rects the higher level of GUS expression than 0 [8]. 

As it was shown in early experiments with the RNA 
phage messages [9,20] and in our previous work on the 
ssb mRNA [13], protein Sl is absolutely necessary for 
mRNA binding but its molar excess over ribosomes is 
inhibitory. Fig. 3 demonstrates that the same Sl-depend- 
ence is observed for the (-SD)mRNAs: addition of free 
Sl leads to strong inhibition of 30s initiation complex 
formation in all three cases resulting in disappearance of 
the toeprint signals. Thus, Sl serves as a very efficient 
translational repressor indicating that its binding to the 
mRNAs occurs in such a manner as to impede 30s ribo- 
some-mRNA interactions. The question is what kind of 
signals are hidden from ribosomes by interaction with 
free Sl. 

3.2 Localization of Sl binding sites within the 
(-SD)mRNAs: RNase protection experiments 

To identify the Sl binding sites on the (-SD)mRNAs, 
we used a primer extension RNA footprinting assay, 
which is a common approach to localize the operator 
regions involved in repressor binding [21,22]. In all three 
cases, partial digestions with RNases in the presence of 
free Sl showed protection of rather extended regions 
within the 5’-untranslated sequences (Fig. 4A and B). 
Sites of protection do not comprise the initiation codons 
and neighbour nucleotides indicating that inhibition of 
ternary complex formation is not a result of AUG inac- 
cessibility. Most likely, the Sl binding sites represent the 
additional signals involved in the primary recognition by 
ribosomes. 

In the case of AlMV RNA 4, the Sl protected region 
consists mainly of U-stretches followed by the CAAA 
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Fig. 3. Effect of the addition of free Sl on the ternary complex formation with the (-SD)mRNAs. The toeprint positions are indicated by arrows. 
Toeprint experiments were performed as described in section 2; the concentrations of free Sl are indicated on the top of the lanes. 

element (Fig. 4B). A high affinity to polypyrimidines is 
a characteristic feature of Sl [9]. Earlier we have found 
U-rich sequences to be the targets for Sl on the ssb 
mRNA and phage RNAs Qs and fr [13]. The length of 
the Sl protected region on AlMV RNA 4 (about 22 
nucleotides) indicates that two molecules of Sl can sit 
side by side on one RNA chain (an optimal binding site 
for one molecule of Sl is l&12 nucleotides [9]). 

It seems to be interesting, that LY and the (CAA), 
leader expose different targets for Sl binding. The di- 
gestion patterns (Fig. 4A) show that the (CAA), leader 
is easy cleavable that points to the opened single- 
stranded conformation, whereas the central CA-rich 
portion of ax is not accessible for ribonuclease attacks, 
perhaps because it is involved in secondary structure 
formation. In contrast, the A,U-rich 3’-portion of 8” is 
both well-digested and strongly protected by Sl. Most 
likely, the higher efficiency of the (CAA),-GUS mRNA 
is explained by its single-stranded opened conformation 
because it is well known that the lack of secondary struc- 
ture in a translational initiation region favours the initi- 
ation complex formation [23]. 

As in the case of AlMV RNA 4, the size of the Sl- 

protected regions in the both GUS mRNAs is large 
enough to bind two (0’) or three [(CAA),-leader] Sl 
molecules (Fig. 4B). This points to the possible cooper- 
ativity of Sl binding. 

The results suggest that not only U-rich sequences 
(AlMV RNA 4, RNAs Qs and fr, the ssb mRNA) but 
other base motifs can serve as targets for Sl within S- 
untranslated regions of mRNAs. The fact that regions 
found to be crucial for recognition of (-SD)mRNAs by 
ribosomes have different sequences without any homol- 
ogy, makes it unlikely that some complementarity be- 
tween 16s RNA and leaders underlies the recognition 
mechanism. Base pairing between Q-derived leaders and 
16s RNA have been proposed earlier as a possible expla- 
nation of their efficiency as translational enhancers in E. 
coli [7,8]. It is more reasonable to suppose that RNA- 
protein interactions work in these case and protein Sl as 
a part of ribosomal mRNA binding centre recognizes 
and binds (-G) plant viral RNA leaders thus providing 
their affinity to the ribosome. The repressor function of 
Sl might be easy explained in this case as a competition 
between free Sl and Sl anchored on the 30s ribosome 
for the same target on the mRNA. 
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ALMV RNA4 (CAA);GUS 

B 
ALMV RNA 4: . .GUUUUUAUUUUUAAUUUUCUUUCAAAUACUUCCAUCAUG............ 

QX-GUS : ..UUUUUCAACAAUUACCAACAACAACAAACAAAAACAACAUUACAAUUACUAUUU 

AAUUACCAUGG.......... 

(CAA),-GUS: . . CAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAA 

CAACAACAACACCAUGG..... 

Fig. 4. (A) Primer extension RNA footprinting of protein Sl bound to the (-SD)mRNAs. RNase digestions were performed as described in section 
2. The Sl concentration in a partial RNase T2 digest of ALMV RNA 4 was 2 PM. Increasing concentrations of Sl in partial RNase PhyM digests 
of the W-GUS and (CAA),-GUS mRNAs are given on the top of the lanes. The bands corresponding to the CAA repeats in partial digests of the 
(CAA),-GUS mRNA are indicated by numbers on the left of the corresponding gel autoradiogram. (B) The nucleotide sequences of the (-SD)mRNA 
leaders with indication of the regions protected by Sl against RNases (boldfaced). 

4. Discussion 

In this article we present evidence for that E. coli 30s 
ribosomal subunits are able to recognize the transla- 
tional starts on (-SD)mRNAs bearing 5’ untranslated 
regions of plant viral RNAs or derivatives thereof, and 
to form stable ternary initiation complexes only in the 
presence of ribosomal protein Sl and IF3. As was shown 

earlier, IF3 does not influence the affinity of the 30s 
subunit for mRNAs with or without SD sequence 
[24,25], its role in the initiation process (besides subunit 
anti-association function) concerns mainly the selection 
of the initiator tRNA [ 191. IF3 can be regarded as kinetic 
effector and fidelity factor of 30s initiation complex for- 
mation [26]. Hartz et al. observed stimulative effect of 
IF3 on ternary complex formation detectable by 
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toeprinting [19]. Our results can be interpreted as an 
extreme case of such stimulation when detectable 
amounts of 30s initiation complexes can be formed only 
in the presence of IF3. In the absence of the SD duplex 
which enhances the local concentration of the initiation 
codon in the vicinity of ribosomal P site, IF3 seems to be 
a crucial factor facilitating codon-anticodon interactions. 

As mentioned above, a key recognition element pro- 
viding the affinity of mRNA to the ribosome is protein 
S 1 [ 1,9,12,13]. In the absence of S 1 E. coli ribosomes are 
able to translate only messengers with strong SD do- 
mains [27]. Earlier we suggested, that 30S-mRNA recog- 
nition can be provided by two types of interactions: 
RNA-RNA (SD and other possible base pairing be- 
tween 16s RNA and mRNA), and RNA-protein inter- 
actions between mRNA and protein Sl [13]. Different 
mRNAs can use both or only one of them. We believe 
that mRNAs bearing plant viral leaders represent the 
case when mRNA-protein Sl interactions play the most 
important role in initiation complex formation. Accord- 
ing to our observations, efficiency of initiation inhibition 
by an excess of free Sl correlates well with the specific 
contribution of mRNA-protein Sl interactions to 
mRNA binding by ribosomes. Among the mRNAs 
tested by toeprinting for Sl-mediated inhibition of ter- 
nary complex formation (-SD)mRNAs with plant viral 
leaders reveal the most pronounced effect (our unpub- 
lished results). 

In principle, one might argue that recognition of plant 
viral 5’ untranslated regions by E. coli ribosomes is an 
artificial event that bears no relationship to the ribo- 
some-messenger interactions in a bacterial cell. How- 
ever, in E. coli, besides the mRNAs with strong or mod- 
erate SD domains, there exist messengers with minor SD 
or even without any similarity to the consensus SD se- 
quence. At the same time, these ‘minor SD’ mRNAs are 
translated with significant efficiency, perhaps because 
the requirement for SD interactions can be compensated 
by the alternative recognition mechanism including in- 
teractions of mRNAs with protein Sl (see [13]). As we 
have shown here, protein Sl is able to bind RNA se- 
quences with different base motifs that allows it to be 
involved in binding of wide mRNA spectrum. Structural 
basis underlying such wide sequence specificity of Sl is 
not yet clear. Most likely, it is connected with the com- 
plex design of the RNA-binding domain of Sl which 
comprises four highly homologous repeats with possible 
different recognition potentials. 
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