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Direct evidence is presented for a conformational switch in 16s ribosomal RNA (rRNA) 
that affects tRNA binding to the ribosome and decoding of messenger RNA (mRNA). 
These data support the hypothesis that dynamic changes in rRNA structure occur during 
translation. The switch involves two alternating base-paired arrangements apparently 
facilitated by ribosomal proteins S5 and 51 2, and produces significant changes in the 
rRNA structure. Chemical probing shows reciprocal enhancements or protections at 
sites in 16s rRNA that are at or very near sites that were previously crosslinked to mRNA. 
These data indicate that the switch affects codon-anticodon arrangement and proper 
selection of tRNA at the ribosomal A site, and that the switch is afundamental mechanism 
in all ribosomes. 

T h e  oredecessors of ribosomes, unlike their 
modern-day ribonucleoprotein descendants, 
were probably composed entirely of RKA 
[the emergence of the ribosome from the 
ore-biotic "RNA a.orld" has been discussed 
( 1  )]. The basic functions of the ribosome, 
namely tRKA selection, catalysis of pepti- 
dyl transfer, and translocation of tRKA and 
mRNA through the ribosome, probably 
have their origins in an all-RNA apparatus. 
In present day ribosomes, proteins are 
thought to fine-tune the catalytic functions 
of the rRNA. For example, 50.5 ribosomal 
subunits heavily depleted of their ribosomal 
proteins retain significant peptidyltrans- 
ferase activity (2 ) .  Like~~ise,  in prokaryotes, 
the 3 '  end of 16.5 rRKA plays a direct role 
in binding of mRNA to initiating ribosomes 
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via the so-called Shine-Dalgarno interac- 
tion (3). Furthermore, a small RNA analog 
of the decoding region of 16.5 rRNA h e r -  
acts with antibiotics in a \Tav that is bio- 
chemically virtually indistinguishable from 
their interactions with rRNA in the intact 
ribosome (4) .  

Although these processes provide in- 
sight into the catalytic f~~nct ions  of rRKA, 
thev do not address the dsnamic asDects of 
pro;ein synthesis. It has'been rec'ogni:ed 
that alternative conformations in rRKA 
must occur during the different stages of 
translation, and switch mechanisms have 
been proposed ( 5 ) .  Hoaever, although a 
catalytic RNA s ~ ~ i t c h  has been described 
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in the T e t ~ n h y m e n a  group I introll ri- 
bosyme (6)) up to ~ O L T  no specific snitch 
site that is associated with a oarticular 
ribosomal f~lnction appears to have been 
identified. 

We have de~nonstrated that the poten- 
tial to form the C912eG885 base pair in 
the central region of 16s rRNA aas vital 
for effective translation and normal ribo- 
some f~lnction (7). H o ~ ~ e v e r ,  certain com- 
binations of mutations behaved anoma- 
lously and led us to conclude that the 
existence of a stable helix between nucle- 
otides 912-910 and 885-887 is not all that 
IS required for norinal r~bosome f ~ ~ n c t ~ o n .  
We non7 present ev~dence that a second 
structure, ~nvolving base palrlng between 
912-910 and 833-390. also exists and a 
sa.itc11 between the structures occurs 
during translation. The site of this switch, 
the 912 region of 16.5 rRKA, is centrally 
located at the junction of the three ma- 
jor domains of 16s rRKA, near three 

oseudoknot structures, and is involved in 
the binding of ribosomal proteins S5 and 
S12 as well as [he antibiotic streotomvcin. 
all of which affect translational'fidel~ty. 

111 one of the t ~ o  conformations, nucle- 
otides C912, U911 and C910 are paired 
with G338, A889, and G890 (designated 
the "912-883 conformation") (Fig. 1). In 
the alternative conformation, nucleotides 
912.912 are paired n.ith G885, G886, 
and G887 ("912-885 conformation"). The 
former arrangement was s h o ~ n  in second- 
ary structure maps derived by several groups 
(8), whereas the latter arrangement was 
initially suggested (9) on the basis of a 
comparative analysis of rRNA sequences, 
and was subsequently shown to be physio- 
logically important by genetic methods (7) .  
I11 our study, we used site-directed mutagen- 
esis of a 16.5 rRNA gene in conjunction 
with chemical structure probing to deter- 
mine that both the 912-883 and the 912- 
385 conforinations are physiologically rele- 
vant structures in Esche~ichia coli ribosomes. 
and represent alternate conformations dur- 
ing protein synthesis. 

Functional consequences of mutations 
in these structures included perturbations in 
translational fidelity, tRKA binding, and 
compatibility with mutations in ribosomal 
proteins S5 and S12. Changes in 16s rRNA 
structure were observed both locally and in 
more distant regions of the rRKA where 
mutations have been shown to affect 
decoding of mRNA ( 10). More specifically, 
the sites match many of the positions 
crosslinked to the coding region of mRKA. 
Together these data suggest that this switch 
mechanism may influence positioning of 
the mRNA for proper selection of tRKA at 
the ribosomal A site. 

Evidence for two base pairin, 0 arrange- 
ments in rRNA mutants. The model of t ~ o  
alternating conforn~ations in the 912 region 
of 16.5 rRKA (Fig. 1) was empirically de- 
rived from the observation that mutations 

" 
Fig. 1. (A) Proposed base-palr~ng arrangements for the two 
conformation RNAswitch. Base-parlng wthn the 91 2-885 con- 
formation ncludes C912.G885. U911 .G888. and C910,G887 
base pairs. Parlng in the 91 2-888 conformat~on includes C9125G888. U911.A889, and C910.G890. (B) 
Locatlon of 91 2 reglon in secondary structure model of 16s rRNA (43). 
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in the 912 region cause two distinct fidelity 
phenotypes. '4 rigorous test of the nlodel by 
site-directed ~nutagenesis s h o ~ ~ e d  that these 
results could be explained in terins of the 
relative stabilities of the proposed conform- 
ers. I11 the \&-type sequence, C912, U911, 
and C912 can base pair L T I ~ ~  both G835, 
G886, and G887 and L~ith G888, A839, 
and G892. The equilibriu~n between the 
~ L T O  conforn~ations was nlanipulated by site- 
directed inutations designed to interfere 
with base pairing in one or the other struc- 
ture. The relative stabilities of the two con- 
for~nations were predicted from the assump- 
tion that, in general, canonical (A.U or 
G.C) or wobble ( G U )  base pairs create 
more stable helices than other "mis- 
matched" pairs (GeG, C.C, and A.C, for 
example). 

According to the model, rRNA mutants 
in the 912 region enhance the stability of 
one or the other of the proposed conforma- 
tions (Fig. 2).  The mutations that favored 
the 912-888 conformation increased fidelity 
and were designated "restrictive" mutants 
(called "restrictive" because they restrict 
suppression of stop codons) (Fig. 2A). In 
the examples shown, a G to C mutation at 
position 885 (G885C) interfered with the 
912.885 base pair but not with the 912.888 
pair. Thus, the equilibrium between the two 
conforrners was shifted toward the 912-888 
conformation, which had three canonical 
base pairs cornpared to one canonical, one 
wobble, and one mismatch pair in the 912- 
885 conformation. Likewise, the double 
mutant C912G-G888U favored the 912- 
888 conformation, but this time without 
alteration at position 885. Several of these 
mutants were cold-sensitive and grew only 
at 42°C (Table 1). Unlike the cold-sensi- 
tive mutants of Damnel and Noller (1 1 ), 
these mutants did not appear to have as- 
sembly defects. 

All of the error-prone rRNA lnutants 
were more stable in the 912-885 conforma- 
tion (Fig. 2B). The C912G-G885U double 
mutant allowed base pairing at 912.885, but 
interfered with base pairing at 912.888. The 
same effect was observed with the U911C 
mutation. Here, the natural U911aA889 
base pair was replaced with a C.A mis- 
match, whereas the U911eG886 wobble pair 
was replaced with a C.G canonical pair, 
thereby enhancing the stability of the 912- 
885 conformation. 

The siinultaneous introduction of three 
mutations, at positions 912, 885, and 888, 
effectively reestablished a balance between 
the two proposed conforrners (Fig. 2C). The 
C912G-G888C double lnutant favored the 
912-888 confor~nation and was cold sensi- 
tive but viable at elevated temperature. The 
C912G-G885C double lnutant favored the 
912-885 conformation. Co~nbining these 

three mutations apparently restored viabil- 
ity by restoring the equ~libriuin between the 
proposed conformers. Similar results were 
obtained by constructing the analogous 
mutations at positions 912, 887, and 892 
(Table 1). 

Translational fidelity and interaction 
with ribosomal protein mutants. The 
translational fidelity of rRNA mutants LTas 
assayed. by measuring the rate of aber- 
rant read-through of in-frame stop codons 
within the reporter gene lac2 (Table 1).  I11 

this assay decreased translational fidelity 
results in increased expression of l a d .  
Overall, mutations that favored the 912- 
885 confor~nation (for example, C912G- 
G885U, C912G-G885C, U911C, and 
C910G-G88iC) had higher rates of read- 
ing through an in-frarne stop codon. Mu- 
tations that favored the 912-888 confor- 
mation (for example, C912G and C910G; 
the cold-sensitive restrictive mutants arere 
too unstable to assay) had lower stop 
codon read-through rates. However, the 

A Restrictive Mutants 
(Compatible with S5 ram mutation) 

mutations favoring 912-338 had an elevat- 
ed rate of fraineshifting (12). Enlpty k i t e  
ribosome pausing has been implicated in 
promoting fra~neshifting events (13), 
which may indicate that these mutant ri- 
bosoines are deficient in A-site tRNA 
binding. 

The hyperaccurate and error prone phe- 
notypes of the rRKA mutants resemble the 
ohenotvnes associated with lnutations in , L 
several ribosonlal proteins. Mutations in 
protein S12 confer resistance to or de- 
pendence on the error-inducing antibiotic 
streptornycin, retard translation rate, and 
increase accuracy. Mutations in ribosomal 
proteins S4 and S5 confer the opposite 
phenotype; they increase the basal transla- 
tional error rate (called r a m  for ribosornal 
~ b i g u i t y ) ;  they can also suppress the strep- 
tomycin dependence of restrictive S 12 mu- 
tants (14, 15). The similarity of phenotypes 
suggested that the rRNA and ribosomal 
protein mutations might be interactive. Ri- 
bosoinal proteins S4, S5, and S12 protect 

T r i ~ l e  Cornaensatorv Mutants 

C912G-G888U C912G-G888C-restrictive 
weakened (Compatible only with S5 ram mutation) 
1 

9 1 2 - - 0 - - 8 8 5  G --885 9 1  2 - - a - - 8 8 5  G --885 

U-  G • G U- G + 

9 l E - - c -  G 
G 

C G g l o - - c -  G L G 

weakened G885C 
C912G-G885C-ram 

(Compatible only with S12 restrictive mutation) 

B Error-Prone Mutants 
(Compatible with 512 restrictive mutation) 

91 2 - - 6 -  U --885 u --885 

U- G G weakened 
s l a - - C -  

--b 

G --888 
G/ 

91 2 - - a - - 8 8 8  

fl U- fl 
G 9 1 8 - - c -  G 

G -888 912.- C-G --888 

fl 
G 

weakened 

C912G-G885C-G888C 
(Compatible with S5 and S12 mutations) 

Fig. 2. Examples of mutations affecting equi- 
librium between the two proposed struc- 
tures, (A) Restrictive mutants make the 912- 
888 conformation disproport~onately stable. 
(B) Error prone mutants make the 912-885 
conformation dispropori~onately stable. (C) 
Triple compensatory mutations C912G- 
G885C-G888C restore equilibrium between 
conformations. Mutations in rRNA were 
made and expressed from multicopy plas- 
mlds as described (7) .  
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nucleotides in the 912 region from chemi- 
cal attack. and mutations in S4 and S12 
alter the structure of this region (16). In 
addition, stre~tornvcin interacts with this 
region ( i  7) although recent evidence sug- 
gests that it binds in the 1430 region (18). 
The compatibility of the rRNA mutations 
nit11 mutations in ribosomal proteins S5 
and S 12, measured by transformability (Ta- 
ble l ) ,  indicated that compatibility depend- 
ed on the ability of the rRNA mutants to 
form base cairs in either or both of the 
proposed conformations (Fig. 1). The re- 
strictive mutants, cornpro~nlsed in their 
ability to form the 912-885 conformation 
but able to form the 912.888 base Dais, arere 
compatible only with an S5 ram mirtation 
[strain UD11F7, ( l j ) ] ,  and not with hyper- 
accurate S 12 mutations [strains UK3 17 and 
UK23i (19) (Fig. ZA)]. The ram mutations 
in ribosomal protein S4 and elongation fac- 
tor Tu (EF-TLL) did not improve growth 
characteristics of these rRNA m~~tants ,  nor 
did other non-yam mutations in protein S5 
(that is, spectinomycin resistance muta- 
tions). Thus, this is not a general sup- 

pression effect caused by restoring transla- 
tional fidelity, but rather represents a spe- 
cific protein-rRNA interaction consistent 
with results indicating that certain ~ort ions " 
of protein S5 are in proximity to the 912 
region (20). 

Mutations in rRNA that favored pair- 
i11p in the 912-883 confor~uation had the - 
opposite compatibility pattern. They were 
incompatible or marginally compatible 
with the error-enhancing protein S i  mu- 
tation, but arere fully compatible with the 
S12 restrictive ~uutation (Fig. 2B). Com- 
paring the translational fidelity data of the 
rRNA mutants with the mutant protein 
compatibility data reveals, perhaps not 
surprisingly, that the error prone rRNA 
mutants are co~n~a t ib l e  onlv with restric- 
tive S12 mutatiois, whereas ;he restrictive 
rRNA mutants are compatible only with 
the ram S5 alleles. This reciprocity be- 
tween the 16s rRNA and ribosomal pro- 
tein mutations supports our proposal that 
these are not simply two static structures 
of 165 rRNA, but, in fact, a s~vitch be- 
tween the structures does occur during 

Table 1. Compatbllty of rRNA mutants 1/~/1th mutatons In rbosoma protens S5 and S12. Mutatons 
were made in the pBR322-based vector pSTL102 (39) as described (7).  Translatonal misreading was 
measured by co-transformng MC140 cells wlth wid-type or mutant rRNA pasmlds and a IacZ reporter 
gene plasmd (pSG314UGA) containing an n-frame UGA stop codon withln the IzcZ gene. The frequen- 
cy of aDerrant read-through of the UGA stop codon (and subsequent production of p-galactosldasei 1s 
proportonal to mlsreading by mutant and wild-type rbosomes (40). Transatonal misreading values are 
units of p-galactosdase actlvty normalized to the rate of wd-type read-through. The rRNA mutants 
classlfed as "restrctve" ether by Increased transatonal fdelty or by compatibility only wth S5 mutaton 
are shown In boldface. The rRNA mutatons classfled as "rzm" are shown In plaln type. Mutant pasmds 
were transformed Into (ii wild-type MC140 cells (47). (lii UD11 F7 cells, which harbor a mutatlon In the 
gene for ribosomal protein S5 resulting in a translatlonal error-prone ("ram") phenotype (42), or ( I I ~ )  UK317 
cells, whc+ have a mutatlon in the gene for ribosomal protein S12, conferrng a hyperaccurate (restrlc- 
tlve) phenotype (791. Resulting transformants were class~f~ed as viable (+), nonviable (-),  or unstable 
(+/-) ~f the transformants were vlable but extremely slow-growing and prone to reversion. Ribosomal 
RNA mutants C912G-G888C, C912G-G888U, and C910G-G890C were cold-sensitve (cs) and would 
not groi/v In MC140 cells at or below 37°C (C912G-G888C, C912G-G888U) or 30°C (C910G-G890C). 
rRNA mutant G885U was presumably restrct~ve but too unstable to be assayed for translatlonal fidelty. 
It vdas vlable only at ow plasmd copy number or in the S5 ram mutant stran UDI  I F7. ND,  not 
determined. 

Compatibty with r-proten alleles 

Plasmld Translat~onal 
S5 S12 msreading wt rzm restr. 

W d-type 
(C912,G885 G888) 

C912G 
C912G/G888C 
C912G/G888U 
G885C 
G888C 
C912G/G885C 
C912G1G885U 
C912G/G885C G888C 
C91 2G/G885U1G888U 
U911C 
C910G 
C910GlG890C 
G89OC 
C910G G887C 
C91 0G1G890C/G887C 

translation, and it is facilitated by proteins 
S5 and S12. Evidence for a switch is f~lr- 
ther supported by the fact that extremely 
restrictive mutants in both 16s rRNA and 
protein S 12 (the cold-sensitive mutants 
such as C912G-G888C and the strepto- 
mycin-dependent mutants in S 12, respec- 
tively) are suppressed by the same muta- 
tion in ribosomal protein S i .  

Physical evidence for the two confor- 
mations and differences in tRNA binding. 
In order to examine base pairing arrange- 
ments more directly, m-e probed mutant and 
wild-type ribosomes by chemical modifica- 
tion, L I S I I I ~  kethoxal and dimethyl s~~lfate 
(DMS), which specifically modif)- ggl~anine 
and adenine not inr~olved in LVatson-Crick 
base pairing. The C912G m~~ta t ion  (Fig. 
3A, lane 2 )  causes an increase in reactivity 
of nucleotides G885, G886, and G887 to 
kethoxal, an effect that is exacerbated in 
the C912G-G888C double mirtant (Fig. 
3A, lane 3). Sinlilar effects on G885, G886, 
and G887 occur upon mutagenesis of C910 
(Fig. 4A, lane 2) .  Since G885, G886, and 
G887 become more reactive with mutations 
at positions 910 and 91 2 but are less reac- 
tive in wild-type ribosomes, we concl~tded 
that C912, U911, and C910 are predomi- 
nantly base paired to G885, G886, and 
G887 (the 912-885 conformation) in iso- 
lated wild-type ribosomes. 

To detect base pairing in the 912-888 
conformation, we examined the reactivity of 
G910 in cotl~bination with either G890 or 
G890C. If n~~cleotide 910 does form a base 
pair with nucleotide 890, it should be less 
reactive to kethoxal modification in the 
C910G-G893C double mutant (Fig. 4A, 
lane 3) than in the C910G single mutant 
(lane 2) .  However, if n~~cleotides 913 and 
893 do not normally interact, the ident~ty of 
nucleotide 890 should not affect the chem- 
ical reactivity of G913. In fact, the reactivity 
of G910 was diminished, thus providing ev- 
idence that at least some of the ribosomes 
were base-palred in the 912-888 configura- 
tion (compare intensity of 910 band 111 Fig. 
4A, lanes 2 and 3).  Siin~lar results were 
obtained with the analogous m~~tations at 
positions 912, 885, and 888. W7hereas these 
and earlier data (7) establish the importance 
of the 912-885 contormation with function- 
al st~ldies, our data also provide structural 
evidence for the existence of the alternative 
912-888 conformation. 

In vivo translational fidelity assays and 
mutant ribosomal protein complementation 
assays indicated that riboso~nes biased to- 
ward one or the other of the proposed con- 
formations had a higher or lower stringency 
of tRNA selection. By definition, ribosomes 
that accept noncognate tRNAs in the A 
site and use them in the peptidyl transfer 
reaction at a higher than nor~nal rate are 
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error prone. A possible mechanism for this 
phenomenon is that the A site in error 
prone ribosomes has a higher affinity for 
accepting noncognate tRNAs than the A 
sites in wild-type or restrictive ribosomes 
(21 ). Therefore, even if the codon-antico- 
don match is not perfect, the noncognate 
aminoacyl tRNA has a greater likelihood of 
remaining bound to the ribosome during 
selection. 

Aminoacylated tRNAPhe ([14C]Phe- 
tRNAPhe) was bound to wild-type, ram, and 
restrictive ribosomes with and without 
polyuridylic acid [poly(U)], an mRNA an- 
alog. In the absence of mRNA [poly(U)], 
the error prone ribosomes bound [14C]Phe- 
tRNAPhe to a much greater extent than 
either wild-type or restrictive ribosomes 
(Fig. 5A). The addition of poly(U) stimu- 
lated binding of [14C]Phe-tRNAPhe to wild- 
type and mutant ribosomes but had less of 
a stimulatory effect on the error prone 
ribosomes (Fig. 5B). This suggests that the 
restrictive and wild-type ribosomes are 
more dependent on mRNA for tRNA 
binding, but it is evident that mRNA does 
not restore wild-type-like binding to the 
restrictive mutants. A third experiment mea- 
sured [14C]Phe-tRNAPhe binding to the A 
site after first filling the P site with (deacy- 
lated) tRNAPhe (22) (Fig. 5C). Essentially 
all of the bound tRNA was in the A site in 
these assays because only 5% of the tRNA 
was puromycin reactive. Here it was appar- 
ent that the binding by error prone ribo- 
somes of [14C]Phe-tRNAPhe to the A site 
was greater than that by the wild-type or 
restrictive ribosomes. (Presumably the actual 
difference is larger than measured because of 
the presence of 30 to 40 percent host 
encoded, wild-type ribosomes in the mutant 
preparations.) 

Effects of mutations on mRNA and 
tRNA binding domains in 16s rRNA. As 
shown above, mutations in the 912 region 
affect tRNA binding and fidelity of trans- 
lation, two aspects of mRNA decoding. 
Although two nucleotides in the immedi- 
ate region, A892 and G926, have been 
implicated in tRNA binding (23), most of 
the sites involved in A- and P-site tRNA 
binding and codon-anticodon interactions 
lie outside the immediate 912 region (24). 
In structure-probing experiments, we 
found that mutations in the 912 region 
caused changes in other parts of 16s 
rRNA (Fig. 6), many of which were im- 
plicated previously in decoding of mRNA 
(24). The reactivity toward chemical at- 
tack of these remote nucleotides was mod- 
ulated up or down, depending on whether 
the mutation or mutations in the 912 
region caused a restrictive or error-prone 
phenotype. Where restrictive mutations 
caused an increase in reactivity of a nu- 

cleotide, the error-prone mutants caused versa (for example, position 864, Fig. 3B). 
little change or even a decrease in reac- The effect of the conformational switch in 
tivity relative to the wild type and vice the central domain of 16s rRNA on distal 

Fig. 3. Results of kethoxal A 1 2 3 4 5 6 B c u A G 1 2 3 4 5 6 
(A) and DMS (B) probing of I . - - -  - - 
ribosomes containing either 
wild-type or mutant rRNA "-m#@g z 
(44). (A) Disruption of the .L -. - 
912-885 conformation re- ? '? -. 

sults in increased reactivity 
of nucleotides G885-G887 
to modification by kethoxal. 
(B) Changes in chemical re- a - v  - A - 
activity were also observed .I - - -885 
in nucleotides at positions 

-t i :  - remote from the 91 2 region 
such as modification of 

& * d  b A864 by DMS. Ribosomes 
were isolated from MC140 
cells transformed with the following plasmids: Lane 1, pSTL102 (wt); lane 2, pC912G (restrictive); lane 
3, pC912G-G888C (very restrictive); lane 4, pC912G-G888C-G885C (like wild type); lane 5, pC912G- 
G885C (ram); lane 6, pC912G-G885U (ram). C, U, A, and G are sequencing lanes. 

Fig. 4. G910 is protected from A B 
kethoxal modification by C890. 1 2 3 4  885 6-31 
(A) Results of kethoxal probing s S G G G G A G 3 '  
of ribosomes isolated from cells k d 
transformed with: lane 1, p a 68s-687 \ / 

pSTL102 (wt); lane 2, pC91 OG; 3'cucs 
lane 3, oC91 0WG890C; lane 4, 

912 910 

pC910G-G890C-G887C. (B) 
Schematic for experimental de- 
sign. If positions 91 0 and 890 , , , , 
are capable of base pairing in - - - 
isolated ribosomes, then the 
identity of nucleotide 890 
should affect the reactivity of 912 010 

C910G to kethoxal modifica- --- 
tion. Band intensity of 910 mod- --- 
Ration was reduced by 45 per- ..- 

m v -  
cent (by Phosphorlmager analy- -I - 910 

.I..- sis) between lanes 2 and 3, sug- - - -, 912 gesting that nucleotides 91 0 
and 890 do form a base pair. 

912 '110 

Fig. 5. [14C]Phe-tRNAme binding to ribosomes (22). (A) [14C]-Phe-tRNAme binding without poly(U). (B) 
14C-Phe-tRNAme binding with poly(U). (C) [14C]-Phe-tRNAme binding after preincubation of ribosomes 
with 50 pmol of deacylated tRNA and poly(U), which blocks [14C]-Phe-tRNAPhe binding to the P site. 
Ribosomes were from cells transformed with plasmids pSTL102 (wild type; open squares), pC912W 
G885U (error prone; solid circles) and pC912WG888C (restrictive; solid squares). Data are plotted as 
percent of ribosomes binding tRNA (ordinate) and molar ratio of tRNA to 70s ribosomes in incubation 
mix (abscissa). 
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portions of the secondary structure is con- 
sistent with a proposal that the 912 region 
links different functional regions in the 
ribosome, namely the 530 loop, helix 34, 
and the 3 '  ininor donlain (24, 25). 

The nucleotides affected by the 912- 
888-885 conforlnational switch (Fig. 6) 
were identical or adjacent to nucleotides 
in 16s rRNA shown previously to be 
crosslinked to rnRNA (1 0). These includ- 
ed G925 and G926 [G926 was crosslinked 
to position + 2  in mRNA, with A of the 
AUG start codon as position f 1 (lo)] ,  
G1401 (mRNA position -4 was crosslinked 
to C1402), G1053 ( + 6  crosslinked to 
U1052), G1392 ( + 7  crosslinked to C1395), 
A1196 (+8  or 9 crosslinked to A1196), 
(3524 (+  11 crosslinked to G53Q), and 
G1353 and GI355 (-3 crosslinked to 
U1360). Thus the locations of the structural 
changes observed in the restrictive and error- 
prone mutants are not randornly distributed 
throughout the 16s rRNA but occur in areas 
of the ribosome closely associated with 
mRNA. 

Structural changes were observed in 
both the A and P site regions. Restrictive 
inutants had increased reactivity at the A 
site's G1491 and G1494. The P site nucle- 
otides G925, G926, and G14Q1 were less 
reactive in the restrictive mutants but 
G1392, on the strand opposite the 925 re- 
gion, was inore reactive. Some of the 
changes in the 912-888 restrictive confor- 
ination are reminiscent of the "inactive" 
(non-tRNA binding) form of the active- 
inactive interconr~ersion of 30s subunits 
(26). In both the inactive and restrictive 

Fig. 6. Summary of sites whose react~v~ties to- 
ward dimethyl sulfate or kethoxal were altered by 
mutatons in the 912 region. Up arrowheads in- 
dicate reactiv~t~es that were increased in the re- 
strictive rRNA mutants. Down arrowheads ind- 
cate nucleotides whose reactivities were n -  
creased in the ram mutants. 

forms, the capacity to bind tRNA is diinin- 
ished (Fig. 5, compare G912aC888 to wild- 
type or G9 12.U885 binding), and both 
have diminished kethoxal reactivity at po- 
sition G926 and increased reactivity at 
G1392. Recent three-dimensional recon- 
structions of active and inactive 30s sub- 
units (27) revealed conforlnational changes 
during the inactive-to-active transition, 

u 

which occurred primarily in the platform 
and neck of the 30s subunit. The anticodon 
binding sites for P and A site tRNAs have 
been localized to a channel running ob- 
liquely through the neck, which may be the 
conduit for the inRNA (28). Our data sug- 
gest that this may be the same region that is 
affected by the 912 switch. 

Structural changes also occurred at or 
near all three pseudoknots in 16s rRNA. 
Restrictive rRNA mutations caused an at.- 
parent opening of the central pseudoknot 
(17-19 and 916-918), with increased reac- 
tivity at G917 and A19, whereas Tam 
rRNA mutations decreased their reactivi- 
ties. Nornlal base pairing in the central 
vseudoknot is vital for ribosome function 
(29), but there has been no direct evi- 
dence that it is a dj-namic structure. Siin- 
ilarly, base pairing within the 570.866 
vseudolinot is essential (30). but it too has . , 

not been shown to open and close during 
translation. Position A864, immediatelv 
adjacent to this pseudoknot, was hyper- 
reactive toward DMS in restrictive inu- 
tailts and less reactive in error-prone 
rRNA mutants (Fig. 3B), but no changes 
were noted in the 57Q region to indicate 
an opening of this structure. Notably, 
A864 is also protected by protein S5 (3  1 ), 
and the increase in reactivity could reflect 
an altered S5 interaction. Finally, restric- 
tive rRNA in~~tations also caused an ap- 
parent opening of the 505.524 pseudoknot 
in the 530 loop with increased reactivity 

Fig. 7. Proposed conforma- a 
tions of small subunit rRNAs ,, 88s 8?0 

~n Hexamita. Halobacteilum, ' G G G ~ R G -  

Chlamydomonas, and Sac- 
charomyces, (A) Primary se- 73- 

-9 U 5 7  
quences of small subunit ? I  

912 918 
rRNAs are shown superim- 
posed on the switch model. Hexamita (Eucaiya) 

(B) Sequence of w~ld-type 
yeast 18s rRNA superlm- B 
posed on the model (left); a ,, 885 8?0 

site directed mutant in yeast ' G G G G R G -  
shown to have a restric- 
tive phenotype (34) (center); 73- 

,u U CY 
a s~te directed mutant n 3' I I 5' 

912 910 
yeast that appears to have 
antisuppressor activity (35) S, cerevisiae 

(r~ght). Open letters repre- 
sent nucleot~des that differ 
from the E coli sequence (A), or are mutations in 
conformatons predicted by the phenotype. 

at G524. G505. and G506. This 
pseudoknot has been iinplicated in strep- 
tomycin binding and modulation of trans- 
lational fidelity (32). 

The  proposed switch: Its universality 
and function. It seellls likely that the con- 
forinational snitch that we Drooose here 

A A 

appeared very early in the evolution of 
rRNA. Examination of kno~vn rRNA se- 
quences for patterns of co\,ariation be- 
tween nucleotides 912-910 and 885-89Q 
revealed that positions 910-912 correlated 
best with 885-887 (8). However, the po- 
tential for base pairing between the highly 
conserved 910-912 and 888-890 sequences 
still existed (33). The rRNA sequences 
from several other organisms lvere super- 
imposed on the s~vitch model (Fig. ?A) ,  
and it appears that the s~vitch could func- 
tion in all cases. There are a few examt.les 
of noncoinpe~lsated base changes in both 
of the proposed conformations, especially 
within the Inore divergent mitochondria1 
data set (8,  33). Because the proposed 
switch involves at least three base pairs in 
each conformation. a nonco~nvensated 
base change at one of the base pairs could 
probably be tolerated. In support of the 
idea that this switch is conserved in other 
organisms, Lieb~nan and colleagues have 
characterized rRNA mutants in yeast that 
behave in a inanner consistent with our 
inodel (Fig. 7B) .  A site-directed mutation 
at the position equivalent to Esche~ichin 
coli 912 in yeast caused an antisuppressor 
(restrictive) phenotype (34), consistent 
with a shift in the equilibrium of structures 
toward the 912-888 conformation. Like- 
wise, another site-directed yeast mutant, 
equivalent to E ,  coli G888A, appears to 
give an antisuppressor phenotype (35) 
~ ~ h i c h ,  according to our model, would 
serve to increase base pairing in the 912- 
888 conformation. 

H, maiismoifui C. reinhardtii 
(Archae) mitochondrion 

S, ceievisiae S, ceievisiae 
mutan: antisuppressor frestr'ctivel mutant anhsuppisssor (restictive) 

the yeast sequence (B). Bold arrows in (B) indcate 
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Since altering the balance between the 
two conformations results in aberrations in 
translational fidelity, the most straightfor- 
ward interpretation is that this region is 
involved in tRNA selection during decod- 

u 

ing of the mRNA. However translocation 
cannot be ruled out, es~eciallv since mu- 
tants that favor the 9121888 cbnformation 
are hypersensitive to spectinomycin, an in- 
hibitor of translocation (12 ,  36). In addi- 
tion, there is the curious oarallel of a three- 
base shift both during translocation and the 
conformational switch. 

How might the proposed switch affect 
or participate in decoding? The functional 
data (tRNA binding and fidelity) suggest 
that the 912-888 conformer may have a 
role in increasing the stringency of A site 
tRNA selection, perhaps by decreasing the 
affinity for tRNA in the A site. For exain- 
ple, during A-site tRNA selection the ri- 
bosome might shift transiently from the 
tRNA-receptive r a m  state (912-885) to 
the restrictive 912-885 conformation. The 
process could be triggered by codon recog- 
nition by the ternary complex (EF-Tu- 
GTP-aminoacyl tRNA) leading to GTP 
hydrolysis (37). The resulting switch in 
rRNA structure, particularly at those sites 
in close proximity to mRNA, could affect 
the mRNA structural orientation with re- 
spect to the tRNAs, disrupting nonspecif- 
ic contacts between the ribosome and the 
tRNA and thereby enhancing the impor- 
tance of the codon-anticodon interaction 
relative to the overall binding stability. In 
this restrictive state a noncignate ~ R N A  
would have a greater likelihood of diffus- - 
ing away from the ribosome than would a 
cognate tRNA, providing an accuracy en- 
hancing (proofreading) step prior to pep- 
tidy1 transfer ( 2 1 ,  38). Alternatively, the 
switch might be involved in an initial 
recognition event between the ribosome 
and the ternary complex of tRNA, EF-Tu, 
and GTP; then the conformational 
change would occur during initial discrim- 
ination between cognate and noncognate 
ternary complexes. 

In conclusion, the 912 region of 16s 
rRNA, situated near the convergence of 
the conserved domains found in all small 
subunit rRNAs, appears to be an ideal 
location for a switch. Movement in a pe- 
ripheral region of the 30s subunit could 
trigger a conformational change in this 
putative hinge region or, alternatively, 
manipulation of the 912 region could be 
used to synchronize movements in the 
peripheral domains. At  present, we do not 
know the precise order of the reactions 
involved in the conformational change. 

modulating the stability of each of the two 
switch conformations. It seems likely, 
then. that these ~rote ins  exert their effects 
by modulating t i e  structure of the rRNA 
switch and thus mav have assumed a role 
that at one time was entirely controlled by 
RNA-RNA interactions. 
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