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Summary. Single-strand-specific nuclease $1 was 
employed as a structural probe to confirm locations 
of unpaired nucleotide bases in 5 S rRNAs purified 
from orokaryotic species of  rRNA superfamily I. 
Limited nuclease $1 digests of  3'- and 5'-end-la- 
beled [32p]5s rRNAs were electrophoresed in par- 
allel with reference endoribonuclease digests on thin 
Sequencing gels. Nuclease S~ primary hydrolysis pat- 
terns were comparable for 5S rRNAs prepared from 
all 11 species examined in this study. The locations 
of base-paired regions determined by enzymatic 
analysis corroborate the general features of  the pro- 
l~Osed universal five-helix model for prokaryotic 5S 
rRNA, although the results of  this study suggest a 
significant difference between prokaryotic and eu- 
karyotic 5S rRNAs in the evolution of  helix IV. 
Furthermore, the extent of  base-pairing predicted 
by helix IV needs to be reevaluated for eubacterial 
Species. Clipping patterns in helices II and IV appear 
to be consistent with a secondary structural model 
that undergoes a conformational rearrangement be- 
tween two (or more) structures. Primary clipping 
Patterns in the helix II region, obtained by S~ anal- 
Ysis, may provide useful information concerning the 
tertiary structure of the 5S rRNA molecule. 
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Introduction 

ElUcidation of  the secondary and tertiary structures 
of 5S ribosomal RNAs has proven surprisingly dif- 
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ficult, despite the accumulation of  a substantial lit- 
erature on the subject. More than 275 5S rRNA 
sequences have been reported since the initial pub- 
lication of  the sequence of  the 5S rRNA of Esche-  
richia coli by Brownlee et al. in 1967. Several factors 
have contributed to the slow progress in solving 
secondary and tertiary structures of  5S rRNAs. One 
is that it has been necessary to rethink concepts of 
permissible base pairing in RNA, and to include 
apparent noncanonical pairings, viz. G /U and, to a 
lesser extent, G/G, C/C,  and A/C, for which there 
is now experimental evidence, in transfer and ri- 
bosomal RNAs. Ironically, the classical Watson-  
Crick base-pairing rules, derived for DNA, appear 
to represent a special subset of  a more general set 
of  base-pairing rules (Noller 1984). 

Comparative analysis of  the 5S rRNA sequences 
that have become available in recent years provides 
substantial information on secondary structure, no- 
tably through indicating highly conserved sequence 
regions and corroborating the existence of helices, 
based on evidence for conservation of  base pairing 
across base-paired regions. Single- and double- 
strand-specific structural probes have been success- 
fully applied in the characterization of  secondary 
structures of  ribosomal RNAs. Two types of  struc- 
tural probes are commonly employed: (1) chemical, 
such as the single-strand-specific probes kethoxal 
(Noller 1974) and diethyl pyrocarbonate (Peattie and 
Gilbert 1980) and the double-strand-specific psora- 
len derivatives (Rabin and Crothers 1979; Garrett- 
Wheeler et al. 1984); and (2) enzymatic, i.e., the 
single-strand-specific probe nuclease St (Ross and 
Brimacombe 1979) and the double-strand-specific 
cobra venom RNase (Douthwaite and Garrett 1981). 

Using cobra venom RNase, Douthwaite and Gar- 
rett (1981) confirmed the basic features of the five- 
helix model for prokaryotic 5S rRNAs. This analysis 
also raised interesting questions, however, since the 
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exper imental ly  observed pat terns o f  hydrolysis ob- 
tained with single-strand-specific and double-strand- 
specific probes are not  entirely consistent with any 
of  the currently accepted secondary structure models. 

L imi ted  digestion o f  populat ions o f  uniquely end- 
labeled rRNAs by nuclease S~, a single-strand-spe- 
cific endoribonuclease that  produces 5' phosphoryl  
products,  has been shown to be a particularly pow- 
erful tool for determining secondary structure in 
rRNAs (Ross and Br imacombe  1979). Moreover ,  
when employed  in conjunct ion with s tandard se- 
quencing methods,  nuclease S~ allows for the gen- 
eration o f  sequence ladders that  not  only identify 
each nucleotide base, but  also indicate whether  each 
base is paired or  unpaired. 

We report  here the results o f  a study in which 
l imited nuclease Sj digests o f  3'- or 5 '-end-labeled 
5S rRNAs were resolved in parallel with reference 
r iboendonuclease digests on thin sequencing gels. 
5S rRNAs were prepared from a total o f  1 1 eubac- 
terial species o f  rRNA superfamily I (De Vos and 
De Ley 1983) for which the evolut ionary  histories 
had been de termined by compara t ive  sequence 
analysis (MacDonell  and ColwelI 1985). The  meth-  
od permi t ted  identification o f  single-stranded re- 
gions o f  the 5 S rRNAs as follows. Analysis o f  l imited 
digests of  RNAs  labeled, in aliquots, on each ter- 
minus,  provided a means  by which pr imary  nu- 
clease cuts, attributable to secondary structure, could 
be distinguished f rom secondary cuts, which derive 
from rearrangements  that  are a consequence o f  the 
pr imary  cuts (Douthwaite  and Garre t t  1981). 

Materials and Methods 

5S rRNAs were isolated from Aeromonas media ATCC 33907 TM, 
Photobacterium leiognathi ATCC 25521, P. logei ATCC 15382, 
Plesiomonas shigelloides ATCC 14029, Vibrio alginolyticus ATCC 
17749, V. carchariae ATCC 35084, V. diazotrophicus ATCC 
33466, V. fischeri ATCC 7744, V. gazogenes ATCC 19988, V. 
natriegens ATCC 14048, and I4. psychroerythrus ATCC 27364 
by the phenol method and purified by electrophoresis on 5% 
thiol-soluble acrylamide [bis-acrylyleystamine (BAC); Bio Rad, 
Richmond, California] gels using methods described by Hansen 
(1981). Separate aliquots of purified 5S rRNAs were end labeled 
on dephosphorylated 5' termini using polynucleotide kinase and 
0.5 mCi [3,-32p]ATP and on 3' termini with 0.5 mCi [~2P]cytidine- 
bis-phosphate and RNA ligase. End-labeled terminal bases were 
identified by polyethylenimine-cellulose thin-layer chromatog- 
raphy of exhaustive nuclease P~ or RNase T2 digests, following 
the methods of Randerath and Randerath (1967). Sequence de- 
termination was accomplished using the enzymatic method de- 
scribed by MacDonell and Colwell (1984a,b). 

Nucleases T~, Phy M, U2, B.c., M~, P~, T2, and S~; polynu- 
cleotide kinase; and RNA ligase were purchased from P.L. Bio- 
chemicals (Milwaukee, Wisconsin) and [32P]ATP and [32P]pCp 
from ICN Radiochemicals (lrvine, California). Limited nuclease 
S~ digests were carried out for 2 rain at 25*(2 under the conditions 
described by Vogt (1980). Limited enzyme digests, as well as 
limited alkaline hydrolysates, of [32p] 5S rRNAs were resolved on 

thin 8% (w/v) acrylamide, 8.5 M urea sequencinggels (40 x 40 • 
0.04 cm) and electrophoresed at 2000 V as described by Sanger 
and Coulsen (1978). 

Results and Discussion 

The  results o f  this s tudy indicate the locations of  
nuclease $1 hydrolysis sites in 5S rRNAs f rom eu- 
bacterial species o f  r R N A  superfamily I. Locations 
of  S~-labile sites in the 5S r R N A  sequences exam- 
ined in this study indicate that  hydrolysis patterns 
generated f rom the 5 '-end-labeled RNAs are simi- 
lar, but  not  identical, to those o f  T-end-labeled 
RNAs. Pr imary  St cuts, i.e., those at tr ibutable to 
R N A  secondary structure, were distinguishable from 
secondary S~ cuts, because whereas the fo rmer  occur 
at fixed posit ions in a sequence regardless o f  which 
terminal  carries the label, the latter give the ap- 
pearance o f  being " terminal  label specific," since 
some clips appear  only in 3 '-end-labeled digests, and 
others only in 5 '-end-labeled digests. A pr imary  cut 
may  allow rearrangement  o f  the secondary structure; 
therefore some secondary St cuts appeared in the 
5 '-end-labeled fragments, while others appeared in 
T-end-labeled fragments, but  none appeared in both, 
as observed by D outhwaite and Garre t t  (19 81). Sim- 
ilar St pr imary  cutting patterns were observed for 
all the 5S rRNAs from the 1 1 species examined.  A 
composi te  o f  these in which the sites o f  strong pri- 
mary cuts and all p r imary  cuts are super imposed is 
shown in Fig. I. 

Relationships between the universal  five-helix 5S 
r R N A  secondary structure model  (De Wachter  et 
al. 1981) and nuclease S~ cuts are shown superim- 
posed on the K carchar iae  sequence (as an example) 
in Fig. 2. Sites o f  secondary cuts are represented by 
dashed lines and those o f  pr imary  cuts by solid lines. 

The pat tern o f  pr imary  clipping obta ined using 
nuclease S~ in this study provides  confi rmat ion of 
and augments the results o f  earlier structural probe 
analyses (Douthwaite  and Garre t t  1981; Digweed et 
al. 1984; Pieler et al. 1984). The use o fnuc lease  S~ 
rather than base-specific chemical  probes, as were 
employed  by Douthwai te  and Garre t t  (1981) and 
Pieler et al. (1984), allows the secondary structure 
to be elucidated in greater detail, since except in 
those cases in which the enzyme approach is steri- 
cally hindered,  all bases recognized as single strand" 
ed by the structural probe are hydrolyzed.  Enzy- 
matic  probes, unlike chemical  probes, are subject 
to hindrance by tertiary structure. Consequently,  en- 
zymat ic  probes also provide useful informat ion  for 
the inference o f  tertiary structure based on an effect 
similar to that exploited in " ' footprinting" experi- 
ments,  i.e., mapping of  locations where the ap" 
proach of  an enzyme to a substrate is obstructed. 
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l~ig. 2. 5S rRNA from V. carchariae folded to conform to the 
universal five-helix secondary structure model (De Wachter et 
al. 1982). Boxed-in regions indicate sites of S, hydrolysis: , 
l~rirnary cuts; - - - ,  secondary cuts. Helices are indicated with 
roman numerals I V .  Loops are indicated by letters A--G 

T e r t i a r y  s t ruc tu r e  i n t e r a c t i o n  a p p e a r s  to  be  in-  
Volved in  i n h i b i t i o n  o f  h y d r o l y s i s  o f  two  a p p a r e n t l y  
s i n g l e - s t r a n d e d  r eg ions  f l ank ing  the  a s c e n d i n g  s ide  
o f  he l ix  I I I .  T h e s e  r eg ions  c o r r e s p o n d  to p o s i t i o n s  
G28-Cst a n d  U4o--C4~ in  Fig .  2. A t t a c k  b y  c h e m i c a l  
13robes was  o b s e r v e d  b y  D o u t h w a i t e  a n d  G a r r e t t  

(1981) in  b o t h  o f  these  reg ions .  T h e  exac t  n a t u r e  o f  
the s te r ic  h i n d r a n c e  in  t he  e n z y m a t i c  a p p r o a c h  o f  
these  s i tes  is u n k n o w n ,  b u t  c o n c e i v a b l y  c o u l d  be  
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-CGUGACGU- 

A 
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b 
-GCGUUUUG- __V. n a t r i e g e n s  b 
-CGUAAAGC- V_..~.. a l g i n o l y t  i c u s  

A 

Fig. 3. The helix II region ofprokaryotic 5S rRNA. Nucleotide 
base sequences are shown for helix II of ten eubacterial species. 
The high frequency of adjacent weak base pairs, i.e., A/U and 
G/U, may help to explain the tendency for the distal portion of 
helix II (right half, as shown here) to be hydolyzed by nuclease 
S,. References:" Erdmann et al. (1984); b MacDoneU and Colwell 
(1985) 

d e t e r m i n e d  us ing  space- f i l l ing  m o l e c u l a r  m o d e l s .  
T h e  nuc l ea se  S~ a t t a c k  on  the  a s c e n d i n g  a n d  de -  
s c e n d i n g  s ides  o f  he l ix  I I ,  c o r r e s p o n d i n g  to  b a s e s  

U24-U26 a n d  A74-U77 (Fig.  2) c o n t r a d i c t s  the  resu l t s  
o f  D o u t h w a i t e  a n d  G a r r e t t  (1981) ,  in  w h i c h  the  o n l y  
a t t a c k  o b s e r v e d  in  th i s  r eg ion  was  a c h i e v e d  us ing  a 
d o u b l e - s t r a n d - s p e c i f i c  s t r uc tu r a l  p r o b e ,  c o b r a  y e n -  
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s u b s t i t u t i o n  of  A83/UI30 
fo r  C83/G130 

G 
-CC AU- E n t e r o b a c t e r i a c e a e  
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-GCAC- 
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A 

U 
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C -CG UA- P r o c h l o r o n  spp.  
A 

d - G C C A G -  Eq u i s e tu m  a r v e n s e  
-UGGUC- ( euka r yo t i c ) 

Fig. 4. Helix IV region of the universal five-helix model is shown for prokaryotic species of rRNA superfamily I (Vibrionaceae and 
Enterobacteriaceae) and rRNA superfamily III (A. nidulans, S. lividus, and Prochloron spp.). The helix IV region of a eukaryotic 5S 
rRNA (E. arvense) is shown for comparison. References: "Corry et al. (1984); b Delihas et al. (1982);" MacKay et al. (1982); d Digweed 
et al. (1984) 

om RNase. Nevertheless,  since pr imary  cutting by 
nuclease S~ was symmetr ic  with respect to helix II, 
it seems unlikely that the observat ion is an artifact. 
Helix II is a relatively weak structure in many  eu- 
bacterial species, due to the high frequency o f  G / U  
and A /U  base pairs (Fig. 3). 

The  overall pat tern o fnuc lease  S~ hydrolysis ob- 
served in this study generally supports the five-helix 
model  o f  De Wachter  et al. (1982). However ,  mod-  
ification of  the definition of  helices II and IV is 
required. As depicted by the universal five-helix 
model,  the eubacterial helix IV consists o f  five base 
pairs arranged as two two-base-pair  helices flanking 
a conserved G / A  mismatch (Fig. 4). There  is strong 
evidence o f  evolut ionary conservat ion o f  at least a 
port ion o f  this helix, since in approximate ly  one- 
third o f  the 5S rRNAs from species o f  the Vibriona- 
ceae (MacDonell  and Colwell 1985) the base pair 
C83/G~30 is replaced with U83/A~30, whereas in An-  
acystis nidulans (Corry et al. 1974), Synechococcus 
lividus (Delihas et al. 1982), and Prochloron spp. 
(MacKay et al. 1982) Gs3/Ct3o is substi tuted (Fig. 
4). We did not  detect any pr imary  S~ clipping in the 
N83/NI30-C84/G-129 region o f  helix IV, al though the 

putat ive base pairs Ass/U133-Us9/Gt32 were consis- 
tently clipped. 

This observat ion is inconsistent with the pro- 
posed universal five-helix model  (De Wachter  et al. 
1982) and suggests that  unlike in the eukaryotic  case, 
only a port ion of  the universal helix IV has beetl 
evolut ionari ly conserved in prokaryotes.  There  has 
been a tendency,  on the part  o f  some investigators, 
to consider G /A  a legitimate, although noncanoni-  
cal, base pair, since it occurs in nearly all eubacterial 
5S rRNAs at the center o f  helix IV. Indeed, it can 
be argued that the high "pena l ty"  assessed for G/A 
base pairing according to Ninio 's  rules (Ninio 1979) 
is a consequence o f  the rarity o f  G / A  in the primarY 
structure o f tRNAs,  from which these empirical rules 
were derived.  The results presented herein, how- 
ever, suggest that (i) GsT/A12 4 are unpaired in so- 
lution and (ii) helix IV is abbreviated in eubacterial 
species (Fig. 5). 

The  calculated negative free energy (Ninio 1979) 
indicates that a two-base-pair  helix IV would be 
stable, even if  only weakly (AG < 2 kcal/mol). Helix 
IV may  be stabilized, however,  by tertiary interac- 
tions. The  "cha i r "  model  for 5S r R N A  proposed by 
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I~I;. 5. The 5S rRNA from V. carchariae folded to conform to 
a variation of the five-helix model. Note the minimal base pairing 
in helix IV and the extension of loops E and G compared with 
the universal five-helix model (Fig. 2). S~ hydrolysis sites, loops, 
and helices are indicated as in Fig. 2. 

l~ieler and  E r d m a n n  (1982) suggests a tert iary in- 
teraction between loop cLc'  and  loop dLe (Fig. 6). 
It is interesting to note  tha t  posi t ions  corresponding 
to the p roposed  site o f  tert iary interact ion (indicated 
by arrows in Fig. 6) were not  cl ipped by  S~. 

An al ternat ive explanat ion o f  the S~ clipping pat-  
tern observed  in the region o f  helix IV, specifically 
at bases A ~ - U s 9  and Gl22-Ul2s (Fig. 2), is that  the 
SeCondary structure o fp roka ryo t i c  5S r R N A  switch- 
es between two (or more)  conformat ions .  The  not ion 
that 5S r R N A  m a y  funct ion as a modu la to r  or 
"sWitch" in the r ibosome is not  new. In fact, direct 
experimental  evidence o f  switchlike rear rangement  
in 5S r R N A s  was repor ted  by  Kao  and Crothers  
(I 980), a l though there is, as yet, no in fo rmat ion  on 
the exact nature  or  specific location(s) o f  the mo-  
lecular  r e a r r a n g e m e n t s .  A c o m p u t e r - g e n e r a t e d  
raOdel fitting the general descr ipt ion o f  a confor-  
raational switch is the Y - f o r m / P - f o r m  model  de- 
SCribed by T r i fonov  and Bolshoi (1983). F r o m  the 
calculated lowest  global free energy o f  the secondary 
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Fig. 6. Consensus sequence of prokaryotic 5S rRNA folded 
according to the chair model of Pieler and Erdmann (1982). Note 
that helix 1V (*) in the chair model is equivalent to helix V in 
the universal five-helix model (Fig. 2). Arrows mark the locations 
of nucleotide bases s0eculated to be involved in tertiary inter- 
actions that are protected from hydrolysis by nuclease S,. Des- 
ignations of loops and helices are as in Fig. 2. A, adenine; C, 
cytosine; G, guanine; O, unspecified base (variable); R, purine; 
U, uracil; Y, pyrimidine 

structure (Ninio 1979), it is concluded that  the 
Y - f o r m ,  modif ied  slightly to a c c o m m o d a t e  fo rma-  
tion o f  helix IV, and  the P - fo rm m a y  bo th  occur, 
since the secondary structures o f  these demons t r a t e  
approx imate ly  the same global free energy. Enzy- 
mat ic  probes,  e.g., nuclease Sl, interacting with Ass-  
U89 and GI22-U123 region o f  helix IV are influenced 
by  steric hindrance if  the molecule  is in the P- form.  
However ,  enzymat ic  a t tack would  be  possible  dur-  
ing rearrangement .  

The secondary and tertiary structures o f5S  rRNAs  
m a y  vary  a m o n g  and between prokaryo tes  and  eu- 
karyotes.  The  evolu t ionary  significance o f  these 
structures is jus t  beginning to be apprecia ted.  
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