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LETTER TO THE EDITOR

Phylogenetic evidence for a new tertiary
interaction in bacterial RNase P RNAs

CHRISTIAN MASSIRE, LUC JAEGER, and ERIC WESTHOF
UPR 9002, Institut de Biologie Moléculaire et Cellulaire du CNRS, 15 rue Descartes, 67084 Strasbourg cedex, France

Long-range interactions involving terminal hairpin
loops are important for the self-assembly process of
large RNA molecules into their active conformation
(Lehnert et al., 1996; Westhof et al., 1996a). Interactions
between GNRA tetraloops and the shallow groove of
RNA helices, which are found in all three classes of
large catalytic RNAs, are one of the most widespread
long-range structural motifs (Michel & Westhof, 1990;
Costa et al., 1997). In ribonuclease P RNA, three of the
four well-conserved GNRA loops are involved in such
interactions: in most bacterial sequences, GYRA loops
L14 and L18 recognize adjacent base pairs in P8 (Brown
et al., 1996). In Bacillus-like RNase P RNA sequences,
the GAAA loop L12 interacts with an 11-nt motif in
stem P10.1a (Tanner & Cech, 1995), resulting in a highly
specific interaction similar to that found in group I
introns (Costa & Michel, 1995; Cate et al., 1996). Here,
we report phylogenetic evidence for an interaction in-
volving the last well-conserved GNRA loop, L9, with
the terminal helix P1, and its replacement by a pseudo-
knot in some Mycoplasma species.

For more than half of the 41 complete bacterial se-
quences from the RNAse P database (Brown, 1997),
the presence of a consensus stem P9 of 5 bp plus a
bulge capped by a GNRA tetraloop appears to be cor-
related with the presence of a G/C at the eighth base
pair of stem P1 (bp 4/370 in Escherichia coli numbering,
see Fig. 1). By contrast, there is no constraint in the
sequence of P1 when the loop L9 or/and the length of
stem P9 vary (Table 1). A further indication for this
tertiary contact comes from the covariation between
the third nucleotide of the GNRA tetraloop L9 and the
ninth base pair of stem P1 (bp 3/371, see Table 2). A
GNGA loop implies an A/U base pair at positions
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bourg cedex, France; e-mail: westhof@ibmc.u-strasbg.fr.

553

3/371, whereas a GYAA loop allows both A/U and
G/C pairs. This pattern of covariation has been ob-
served previously for the L14-P8 and L18-P8 tertiary
interactions within the bacterial RNAse P RNAs (Brown
etal., 1996), as well as for long-range interactions within
group I and group II introns (Michel & Westhof, 1990;
Jaeger et al., 1994; Costa & Michel, 1995).

Some of the remaining complete sequences display
other interesting features. Whereas most sequences
within the homogeneous y subdivision of the purple
bacteria possess a L9 of either type GYAA or GYGA,
sequences from E. coli (Reed et al., 1982) and Salmonella
thyphimurium (Baer & Altman, 1985) have a GAAA
loop on top of a P9 shortened by one base pair, and the
closely related sequences from Klebsiella pneumoniae and
Erwinia agglomerulans (Lawrence et al., 1987) have a
longer loop UGUCACAG. The occurrence of these loops
seems to be related to the presence of A/U and G/U
base pairs at positions 3/371 and 4/370, respectively.
However, the geometry of these interactions, if they
indeed occur, remains unclear. The RNase P RNA from
Deinococcus radiodurans (Haas et al., 1991) presents a
longer stem P9, with an asymmetrical internal loop
GA...GAA in lieu of the GNRA loop. Interestingly,
this sequence possesses two adjacent G/C pairs at po-
sitions 3/371 and 4/370, suggesting that its internal
loop could interact in the same manner as GYAA ter-
minal loops. Formation of adjacent, sheared purine/
purine pairs, as they appear in the internal loop J4/5
of group I introns (Cate et al., 1996), would indeed
leave the adjacent adenosines in a conformation sim-
ilar to the one found in GYAA loops.

Finally, sequences from Mycoplasma genitalium (Fra-
ser et al., 1995) and Mycoplasma pneumonige (Himmel-
reich et al., 1996) present a single strand J1/20 between
the 3’ end of a shorter P1 and the nonconserved stem-
loop P20. These sequences are, moreover, the only ones
in which L9 is a 7- or 8-nt loop instead of the classical
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GNGA loops
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Ag.tumefac
H.influenz
Ps.fluores
Chr.vinosm
Thb. ferrox
Bac.thetai
A.nidulans
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Ctx.7601

Sncy. 6803

Tt.maritim
Tt.neapoli
Stm.bikini
Stm.livida
M. tubercul
M. leprae

GYAA loops

Alc.eutrop
Ser.marces
Dsv.desulf
Psanb.6903
T.aquaticu
T. thmophl
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Other putative interacting loops

E.coli

S. typhimur
K.pneumoni
Er.agglome
D.radiodur

Loops involved in P21

M.genitali
M.pneumoni

Other loops
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.subtilis
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.megateri
.pyogenes
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. fermanta
.floccula
. hyopneum
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FIGURE 1. Partial alignment of the 41 complete bacterial sequences from the RNase P database (Brown, 1997). Sequences
are classified according to the type of loop L9. Names of secondary structure components are indicated on top of the
alignment (Pn designates the 5" branch of a pairing and Pn’, its 3’ branch). Canonical pairings are green within P1 and red
within P9. Bulges, gaps, mismatches, and unpaired bases are black. Nucleotides 3 and 4 in P1, 113 and 114 in L9, 370 and
371 in P1’ are blue when involved in the interaction L9-P1. Underlined nucleotides participate in the pseudoknot P21.
Squared brackets stand for segments of sequences not included in the alignment.



A new tertiary interaction in bacterial RNase P RNAs 555

A C
5
dv § 3
L9 U[Gl--{U-A
G [A}-{C-G

P1
 J
(P20)
P101.a [ L 4 (P20)
L12 G—C
L9 B sh]
o |aZb|P21
Gk ¢
cC-G
U
A €815
5 P9 P1
J1/20
P20

v

FIGURE 2. A: Top: Secondary structure of the RNase P RNA from Pseudomonas fluorescens (James et al., 1988). Bottom:
Secondary structure of the M. genitalium sequence (Fraser et al., 1995). Nucleotides involved in the tertiary interactions are
boxed and nucleotides showing covariations are bold. Thin lines indicate tertiary contacts. Thick dotted lines indicate the
separation between the two folding domains (Loria & Pan, 1996). B: Top: Diagram of the loop-helix interaction. The G-U/A
base-triple may be replaced by either an A-C/G or an A-U/A base-triples. Bottom: diagram of the pseudoknot P21 from
the M. genitalium sequence. Both first and last base pairs are replaced by an A /U base pair in M. pneumoniae. C: Top: Ribbon
model of the loop-helix interaction. The four purines involved in the tertiary interaction are represented as sticks. Bottom:
Ribbon model of the pseudoknot P21. The stacking of P9 and P21 is possible while keeping a similar orientation for P1
and P9.

GNRA, although the length of P9 remains the same. TABLE 1. Correlation between base pair 4/370 in P1 and the type

Strikingly, in both sequences, L9 and J1/20 are com- of loop L? in the 41 complete bacterial sequences from the RNase P
plementary along 6 nt, with covariation on the first deithaey
and last positions. This new putative pseudoknot, P21, 19
may occur in place of the GNRA-helix interaction en-
countered in the other sequences (see Fig. 2). Both in-  bp 4/370 GNRA Other loops
teractions have been modeled with optimal geometry 5,y 0 3
(Westhof, 1993) and allow similar orientations of stems  ¢c/G 0 3
P1 and P9 with respect to each other (see Fig. 2C). G/C 23 2

A similar motif swap has been engineered already in ~ G/U 0 4
group lintrons, where the GNRA-helix interaction be- ~ U/A 0 2
tween loop L9 and helix P5 could be replaced success-  —/— 0 4
fully by a pseudoknot (Jaeger et al., 1994). In fact, the
natural counterpart of this pseudoknot was found in a *Column GNRA refers to sequences having a GNRA loop on

: : top of a consensus stem P9 of 5-bp plus a bulge. Data were col-
group Lintron, the Sd.Cob,1 intron (I aeger et al., 1996)' lected using the program COSEQ (C. Massire & E. Westhof, in

Although the putative long-range interaction L9-P1re-  prep.).
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TABLE 2. Covariation between base pair 3/371 in P1 and the type
of GNRA loop in the 23 sequences having a GNRA loop L9.

GNRA
bp 3/371 GNGA GYAA
A/U 17 4
C/G 0 0
G/C 0 2
U/A 0 0

mains to be characterized experimentally, data that
support its existence have been reported. Mutational
analysis of the catalytic ribonuclease P RNA from Ther-
mus thermophilus indicates that the terminal helix P1 is
crucial for the proper folding of the RNA molecule
(Schlegl et al., 1994), in good agreement with the for-
mation of the L9-P1 interaction. It was shown recently
that RNase P RNA is formed from two independently
folding domains (Loria & Pan, 1996) (see Fig. 2A). The
fact that these two domains, when synthesized sepa-
rately, can self-assemble into a catalytically active com-
plex suggests the formation of multiple tertiary contacts.
Considering that two-thirds of the known RNAse P
RNA sequences display a similar stem P9 capped with
a GNRA tetraloop, the L9-P1 long-range interaction
should play an important function for the association
of the two structural domains.

This new interaction, if confirmed experimentally,
should be important for refining the two existing three-
dimensional models of the RNAse P catalytic subunit
(Harris et al., 1994; Westhof et al., 1996b). Whereas
both models cannot accommodate the new interaction,
their reorganization, necessary for including the L9-P1
constraints, will be more extensive in the Westhof and
Altman model (C. Massire, L. Jaeger, & E. Westhof, in
prep.) than in the Harris and Pace model. More gen-
erally, the L9-P1 interaction illustrates a modular view
and use of different tertiary interactions as a common
feature in the self-assembly of RNA molecules.
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