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Long-Range Structure in Ribonuclease P RNA 
ELIZABETH S. HAAS,* DANIEL P. MORSE,* JAMES W. BROWN,* 
FRANCIS J. SCHMIDT, NORMAN R. PACE? 

Phylogenetic-comparative and mutational analyses were used to elucidate the structure 
of the catalytically active RNA component of eubacterial ribonuclease P (RNase P). In 
addition to the refinement and extension of known structural elements, the analyses 
revealed a long-range interaction that results in a second pseudoknot in the RNA. This 
feature strongly constrains the three-dimensional structure of RNase P RNA near the 
active site. Some RNase P RNAs lack this structure but contain a unique, possibly 
coinpensating, structural domain. This suggests that different RNA structures located 
at different positions in the sequence may have equivalent architectural functions in 
RNase P RNA. 

R IBONUCLEASE P (WE P) CLEAVES 

precursor tRNAs to produce the ma-, 
ture 5' ends; it occurs in vivo as a 

complex between a small protein (119 amino 
acids in Eschrichia coli) and a much larger 
RNA (377 nudeotides). The RNA is the cat- 
alytic moiety (1). It is anticipated that the 
three-dimensional structure of the RNA deter- 
mines its binding speufiaty and creates the 
catalytic site. Using two related approaches, we 
have identified a structure in RNase P that 
places constraints on three-dimensional mod- 
els. Comparisons of this structure in RNase P 
RNAs from different organisms point to evo- 
lutionary substitution of functional domains in 
RNase P RNA. 

We used sequence covariation (coordinat- 
ed changes in nudeotide sequences) to iden- 
tify base-paired elements in RNase P RNA. 
In a phylogenetic approach, we compared 
sequences of RNase P RNAs from different 
organisms (2, 3). Base-paired elements are 
identified by evolutionary variations that 
maintain the potential for Watson-Crick 
pairing (A-U or G-C) (4). In an ongoing 
survey of RNase P RNAs of diverse eubac- 
teria, we have encountered covariations in 
sequences found to be invariant in other 
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studies. These new sequences are from 
Streptomyces bikiniensis v&. zorbonensis (S), 
Deinococcus radiodurans (6), and Thermotoga 
hatitima (6). Covarying nucleotides and the 
consequences of their interaction in the 
RNase P RNA secondary-structure model 
are shown in Fig. 1. 

Induced mutational analvsis is an alterna- 
tive to phylogenetic comparisons for the 
identificatjon of interacting sequences. Mu- 
tations that interfere with function were 
introduced into. the RNase P RNA. then 
second-site ccsuppressoI" mutations that re- 
store function were identified. We consid- 
ered two nucleotides to form base pairs in 
the RNA structure if the suppressor muta- 
tion was complementary to the original mu- 
tation. At pH 6, hydroxylamine induces 
unidirectional G to A or C to T changes in 
DNA (7). Therefore, two induced mutagen- 
ic events can convert a G-C base pair in 
RNA secondary structure into an A-U pair, 
allowing us to identify nucleotides that in- 
teract by Watson-Crick pairing. Defective 
variants of RNase P RNA were screened in 
E. coli FS101. This strain produces a defec- 
tive RNase P protein, causing a tempera- 
ture-sensitive growth phenotype (8). Intro- 
duction of a high copy-number plasmid 
containing a functional rnpB gene, which 
encodes RNase P RNA, allows FSlOl to 
grow at 42°C; however, a gene coding for a 
sufliciently defective RNase P RNA does 
not suppress the temperature-sensitive phe- 
notype (9). 

~~droxylamine-generated mutant plas- 

mids that did not suppress the temperature- 
sensitive phenotype of FSlOl were isolated 
and sequenced (10) (Fig. 1B). All of these 
mutant genes had acquired one or two G-C 
to A-T transitions. Mutant plasmids that 
contained single lesions were subjected to a 
second round of hydroxylamine treatment 
and introduced into FS101. We identified 
reverted rnpB genes by their restoration of 
the ability to support the growth of FSlOl 
at the restrictive temperature (Fig. 2). 

Our comparative and mutational data re- 
vealed base pairs (Fig. 1) in helices that form 
two pseudoknots (1 1) in the RNA. One of 
the pseudoknots results from pairing of nu- 
cleotides 82 to 85 with 276 to 279 [(helix 
82-851276-279; numbering and helix no- 
menclature are described in (12)]. The mu- 
tational data show that G82 and G83 pair 
with C279 and C278, respectively (Fig. 
1B); phylogenetic covariations support the 
pairing of G82 with C279, G83 with C278, 
and G84 with C277 (Fig. 1A). Equivalent 
pairings exist in all known RNase P RNAs 
except those of Bacillus, in which the struc- 
tures of the contacting domains that create 
the pseudoknot dre different. 

It has been pointed out that the simulta- 
neous occurrence of helices 12-181336-342 
and 70-731354-357 results in the formation 
of a pseudoknot in RNase P RNA (2). Helix 
70-731354-357 has been extended by pair- 
ing G74, thought to be paired elsewhere, 
with C353 (3). It was recognized that this 
helix could potentially extend another three 
base pairs (66-681358-360) if U69 were 
bulged from the helix. However, no evi- 
dence for these pairings had been encoun- 
tered (3). Phylogenetic (Fig. 1A) and muta- 
tional (Fig. 1B) covariations now confirm 
the occurrence of two of the three base pairs 
in that extension. 

The two types of sequence covariation 
analysis used in this study are formally 
equivalent, but there are important differ- 
ences in the information that can be ob- 
tained. The phylogenetic approach allows 
the detection of base pairs only if the appro- 
~r ia te  covariations can be found. Some var- 
iants, however, may be rare or absent in 
nature. In such cases, mutagenesis is re- 
quired to test the pairing. Mutagenesis, on 
the other hand, is limited by the ,availability 
of a sensitive assay for the biological activity 
of the RNA. Although complementation of 
FSlOl appears to meet this requirement, it 
is likely that some mutations were not de- 
tected because they did not result in a s&i- 
ciently defective enzyme or because the mu- 
tant RNA is lethal to the host at the 
permissive temperature. A specific limitation 
of hydroxylamine mutagenesis is that only 
G-C base pairs can be tested. 

The two pseudoknots in the RNase P 

8 NOVEMBER 1991 REPORTS 853 



A oc A 

C 
c A-160 

Source Helix 82gyn6-279 Hellx 66-741353-360 ,o .'c" 
c:o 

0"c.o" 
Eubacteriai consensus GGGC GCCC AAGuCCGGG CCCGGCUU 
Themlopa m M m a  a C  G m  AAOUCCGW mCGGCUU 

*"-A 

Deit-mvuws radcdurans GGGC GCCC AAOuCCGGG CCCGGCUU 
G:: 

Slreptornyces bikiniensis a C  GCD2 P&UCCGGG CCCGGW c",-~ A 
Rhodospinllum rubrum G m U  AAGuCCGGG CCCGGCUU 

q G G  

Agrobactetiurnh,rnefacrem !333J GE!I!l AhGuCCGGG CCCGGCUU A G C A A ~ ~ C - ~ A  
Alcalgenes eulmphus GGGC GCCC AAGUCCGCEI @ECGGCUU GAG 

'GO  ̂
Thiobaci7Ius femxidans GGGC GCCC AAGuCCGGG CCCGGCUU A c A U ~ A , l ~  

-&mlobacteria GGGC GCCC AAGuCCGGG CCCGGCUU A 
Bacilus brevis AAGUCCOGG C ~ ~ ~ G C U U  oC 
Other BaGillus spp. No homolog 

A A G U C ~  CEIEGCUU u G tGu,9F9G "'A 
A $ ? C G C G A ~  

Fig. 1. Sequence covariations and B C 
C G m 

revised secondary structure model A 

of E. coli RNase P RNA. (A) Model Mutant Suppressor 
Phylogenetic covariations that 
provide evidence for helices 82- CO"im* W" P-S U14 ~ 3 4 0  

851276-279 and 66-741353-360 mode' A88 U241 
A91 U238 

are highlighted by black boxes. A216 u211 
The eubacterial consensus indi- A244 U77 
cates nucleotides that are con- A310' ~ 3 2 1 t  
served in at least 75% of the A364 UIO 

known eubacterial sequences. A369 ~5 
U69, shown in lower case, is ~ 7 4 '  ~ 3 5 3 t  

bulged from the helix. Nudeo- ~353' A74 

tides 82 to 85 and 276 to 279 of  emi ion of hero: A68 U358 0-303 
the Bacillus sequences are not ~-7 . lm+3w U358' A68 
shown; alignment of nucleotides 
82 to 85 is not meaningfid be- N e w h e ~ ~ 8 * ~ 6  U279 A82 

U278' A83 cause of the difference in the 
M' ~ 2 7 8 t  structure of this region (relative 

to those of the other RNase P 
RNAs), and nucleotides 276 to 279 are absent in the Bacillus sequences. (B) 
Mutational evidence confirms or extends the structure model as indicated. 
Mutants that were resolved from originally double-mutant clones are marked cG 
by asterisks. Revertants selected on MacConkey agar are marked with duu 
daggers; all other revertants were selected on NZY agar. Suppressors that CUUU@ACUG@C 

A 
restored function are shown. (C) The sequence of the E. coli RNase P RNA c 
is drawn according to the revised structure model. The pairings indicated by C 360- 

U 
brackets and lines indicate helices that complete the two pseudoknots in the 
secondary structure. Nucleotides in base pairs that either extend or create 
helices in the pseudoknots and for which new covariation evidence (either 
phylogenetic or mutational) is presented in this report are highlighted in here by mutational analysis are highlighted in white circles. The major sites 
black circles. Base pairs that had not been proven in earlier studies but were in the E. coli RNase P RNA that are cross-linked to 5'-azidophenacyl-tRNA 
confirmed by phylogenetic covariations in the RNase P RNA sequences are ultraviolet irradiation (13) are indicated with arrows. Dots indicate non- 
boxed. Other base pairs known from other phylogenetic data and confirmed Watson-Crick base pairs. 

RNA impose topological and steric con- 
straints on the structure of the molecule. 
The interactions probably order the central 
domain of RNase P RNA. This domain 
contains the most conserved sequences in 
the RNA, as well as nucleotides that are 
cross-linked (Fig. 1C) by a photoaffinity 
agent on the substrate phosphate in tRNA 
(13). Neither of the pseudoknots, however, 
is absolutely essential for catalytic activity in 
vitro. RNase P RNAs truncated at the 3'- 

end, including those that lack nucleotides 
353 to 360, retain low amounts of enzymat- 
ic activity in vitro (14). Similarly, a synthetic 
RNase P RNA, Min 1 RNA, is catalytically 
active even though it lacks nucleotides 260 
to 290 and thus cannot form the 
pseudoknot formed by helm 82-851276-279 
(15). However, the native RNA has a 100- 
fold greater affinity than does Min 1 RNA 
for substrate, an effect that results from the 
presence of nucleotides 260 to 290 (16). 

In light of the structural importance of 
nucleotides 260 to 290, it is surprising that 
the Bacillus RNase P RNA lacks the corre- 
sponding nucleotides and therefore would 
seem to lack the pseudoknot. Nevertheless, 
the Bacillus RNA interacts with the E. coli 
protein component of RNase P in vitro (1) 
and can replace E. coli RNase P RNA in 
vivo (17). The functionality of the Bacillus 
RNA in the absence of the 260 to 290 helix 
could be explained if another structural ele- 

Fig. 2. Representative examples of hydroxylamine mutagenesis of RNase P 30°C 42% 
RNA. RNase P activity in vivo was assayed by the ability of plasmids to allow 
growth of E. coli FSlOl at 42°C. The plate at 30°C is a control. The diagram 
at right indicates the plasmids we used to transform FS101. Two sets of sectors 
on the plates show the results of control experiments in which the temperature- 
sensitive growth phenotype of E. coli FSlOl was suppressed by a plasmid A821U279 Vector 

containing the wild-type E. coli RNase P RNA gene (mpB+) but not by a 
plasmid containing the cloning vector sequences only. A hydroxylamine- 
generated G to A transition at position 82 of the RNase P RNA gene resulted 

x 
C279 -+ U G824A 

in a plasmid that did not suppress the growth defect at 42°C (G82 -, A). 
Likewise, the C to U mutation at position 279 failed to suppress the growth 
defect at 42°C (C279 + U). Growth of the plasmid-containing FSlOl at 
42"C, however, is restored in the double-mutant containing both the G to A change at position 82 and the C to U change at position 279 (A82/U279), 
which are compensatory in the secondary structure of the RNA (Fig. 1). 
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ment could independently fulfill the func- 
tion of that helix. One tmumd element 
present in the Budflus RNA, but not the E. 

coli RNA, is a likely candidate for such pseudoknot in the E. coli RNA (Fig. 3). It is 
functional replacement: a pus-specific he- possible that this helix can fulfill the fUnction 
lix at approximately the same position as the of the pseudoknot in which the 82-851276- 

279 helix in the E. coli RNA participates. 
Molecular modding indicates that the two 
structures could have similar threedimen- 
sional aspects (Fig. 3). 'Ihus, &rent RNA 
structures, located at di&rrnt positions in 
the sequence, may have equivalent architec- 
tural functions in RNase P RNAs. 

Flg. 3. Potential evolutionuy substitution of functional clancn~. The secondary smmms of the E. 
wfiandB.subrilkRN;wPRNAsarcoutlincdin(A).ThcbodrrgionsidudcthepscudolmotinE. 
wli a d  the d o p u s  region of the B. subtifir struchlrc and arc enlarged in (8). We show the 
pseudoknot in the E. wli srmfnur as in Fig. 1, as well as disjointed to allow the direct repmentation 
of helix 82-851276-279. Molecular "plcil-f-Qtd models ofthe long-range interaction in the E. wli 
R N a  P RNA and the znalogous region in the B. subtilis RNA arc shown in fiont and top vim in (C). 
The molecular modcls contain only nuclcoticks 75 to 91,238 to 246, and 272 to 282 in E. cdi and 58 
to 90 and 235 to 243 in 8. s u W ,  the rcmahda ofthe struaurcs arc omitted for duity. Adogous 
portions of the models arc colored in both (B) and (C). Btaci2lu.s subtilis mclukdcs arc numbad 
lccordiag to the B. subtilis sequence. Helices 75-78/243-246 and 87-911238-242 in E. cdi and the 
anzlogous helices in B. s u m  arc modeled as coaxially stacked as arc E. wli hclim 82-851276-279 and 
272-274/280-282. G275 in E. wli s the major groove of hclix 82-851276-279 as in an H-typc 

c h t l i x 6 2 t o 8 O i s d c d a s a ~ s t c m b a s c d o n i t s  pdokmt (18). lhc  BaciUus-~J 
s c q w n x  (GAGA loop) (19) and the known structure of a diff;crrnt doop-containing helix (20). 
Modcls wae constructed with Swivel 3D (Paraamp, San Francisco, ChWomia) on a Macintosh IIci 
-pum. 
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Antibody-Mediated Clearance of Alphavirus 
Infection from Neurons 

Humoral immunity is important for protection against viral infection and neutraliza- 
tion of extracellular virus, but clearance of virus from infected tissues is thought to be 
mediated solely by cellular immunity. However, in a SCID mouse model of persistent 
alphavirus encephalomyelitis, adoptive transfer of hyperimmune serum resulted in 
clearance of infectious virus and viral RNA from the riervous system, whereas adoptive 
transfer of sensitized T lymphocytes had no affect on viral replication. Three mono- 
clonal antibodies to two different epitopes on the E2 envelope glycoprotein mediated 
viral clearance. Treatment of alphavirus-infected primary cultured rat neurons with 
these monoclonal antibodies to E2 resulted in decreased viral protein synthesis, 
followed by gradual termination of mature infectious virion production. Thus, 
antibody can mediate clearance of alphavirus infection from neurons by restricting 
viral gene expression. 

A CCORDING TO THE CLASSIC PARA- 

digm, the clearance of infectious 
virus from primary sites of replica- 

tion results from major histocompatibility 
complex (MHC) class I-restricted lysis of 
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virally infected cells by CD8+ cytotoxic T 
lymphocytes. This paradigm can theoretical- 
ly explain viral clearance from nonneuronal 
cellular targets in the central nervous system 
(CNS), but it cannot account for viral clear- 
ance from neurons. Neurons are not in- 
duced to express class I molecules in vivo in 
response to cytokine stimulation and viral 
infection (1) and therefore may escape im- 
mune recognition by virus-specific CD8* 
cells. Furthermore, it seems unlikely that 
terminally differentiated cells incapable of 
replication would use a cytolytlc mechanism 
for recovery from viral infection; this hy- 
pothesis is supported by histopathologic 
findings in lymphocytic choriomeningitis vi- 
rus infection where viral clearance from neu- 

rons occurs without evidence of cellular lysis 
( 2 ) .  Thus, a non-MHGrestricted, noncyto- 
toxic immunologic mechanism for the ter- 
mination of viral infection of neurons must 
exist; yet the nature of such a mechanism is 
poorly understood. 

To investigate the primary immunologic 
mechanism responsible for the clearance of 
infectious virus from neurons, we used a 
SCID (severe combined immunodeficient) 
mouse model of Sindbis virus (SV) infec- 
tion. The SCID mice lack functional mature 
B and T lymphocytes because of a defect in 
T cell receptor and immunoglobulin gene 
rearrangement (3) .  SV is a single-stranded 
message-sense RNA virus that causes fatal 
encephalomyelitis in suckling mice and 
acute, clinically silent encephalomyelitis in 
weanling mice (4). It is the prototypic mem- 
ber of the alphavirus genus (family Togavir- 
idae), which includesthe human 
Eastern, Western, 'and Venezuelan equine 
encephalitis viruses. In contrast to many 
othe; neurotropic viruses that have multiple 
cellular targets in the CNS, SV replicates 
predominantly in neurons (5, 6 ) .  The neu- 
ional s~ecifickv of SV ensures that investi- 
gation of the mechanism of viral clearance 
from neurons is not complicated by poten- 
tially different mechanisms of viral cle&ance 
from other cell populations in the CNS. 

We infected 4- to 6-week-old CB17 and 
congenic scidlCB17 mice with wild-type SV 
(strain AR339) to determine the natural 
history of SV infection in immunocompe- 
tent and immunodeficient mice. After in- 
tracerebral inoculation of lo3 plaque-form- 
ing units (pfu) of SV, CB17 mice cleared 
infectious virus from the brain and spinal 
cord in 8 days, as measured by plaque-assay 
titrations of freeze-thawed tissue homoge- 
nates (Fig. 1A). Clearance of infectious virus 
was temporally correlated with the appear- 
ance of serum antibody to SV detected 
by enzyme-linked immunosorbent assay 
(ELISA). In contrast to the CB17 mice, 
SCID mice developed persistent SV infec- 
tions of brain and spinal cord that lasted 
for the entire 30-day study period; viral 
titers ranged between lo4 and 10" pfu per 
gram of tissue (Fig. 1A). The SCID mice 
had no detectable amounts of serum anti- 
body and no detectable T lymphocytes in 
the spleen, lymph nodes, or peripheral 
blood, as measured by flow cytometry anal- 
ysis. Despite ongoing viral replication and 
the lack of specific humoral or cellular 
immune responses, there was no evidence 
of neurologic disease in the SCID mice. 

After establishing that SCID mice develop 
persistent SV infections, we investigated the 
effect of transferred immune T lymphocytes 
and SV hyperimmune serum on the clearance 
of infectious virus from neural tissue. 
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