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ABSTRACT

We have identified by nucleotide analog interference mapping (NAIM) exocyclic NH 2 groups of guanosines in RNase
P RNA from Escherichia coli that are important for tRNA binding. The majority of affected guanosines represent
phylogenetically conserved nucleotides. Several sites of interference could be assigned to direct contacts with the
tRNA moiety, whereas others were interpreted as reflecting indirect effects on tRNA binding due to the disruption of
tertiary contacts within the catalytic RNA. Our results support the involvement of the 2-NH 2 groups of G292/G293 in
pairing with C 74 and C75 of tRNA CC A-termini, as well as formation of two consecutive base triples involving C 75 and
A76 of CCA -ends interacting with G292/A258 and G291/G259, respectively. Moreover, we present first biochemical
evidence for two tertiary contacts (L18/P8 and L8/P4) within the catalytic RNA, whose formation has been postulated
previously on the basis of phylogenetic comparative analyses. The tRNA binding interference data obtained in this
and our previous studies are consistent with the formation of a consecutive nucleotide triple and quadruple between
the tetraloop L18 and helix P8. Formation of the nucleotide triple (G316 and A94:U104 in wild-type E. coli RNase P
RNA) is also supported by mutational analysis. For the mutant RNase P RNA carrying a G94:C104 double mutation,
an additional G316-to-A mutation resulted in a restoration of binding affinity for mature and precursor tRNA.

Keywords: gel retardation; inosine interference; mutations in loop L18 and helix P8; nucleotide analog
interference mapping (NAIM)

INTRODUCTION

Ribonuclease P (RNase P) is the ubiquitous process-
ing enzyme that generates the mature 59-termini of
tRNAs+ It is a ribonucleoprotein in vivo, with the ex-
ception of RNase P from spinach chloroplasts, whose
composition was reported to be purely proteinaceous
(Wang et al+, 1988)+ In vitro, RNA subunits of RNase P
enzymes from Bacteria are catalytically active in the
absence of the protein component (Guerrier-Takada
et al+, 1983)+ They are the only known RNA catalysts
naturally devoted to act in trans+

RNase P enzymes recognize the acceptor stem/T
arm modules of tRNA molecules (e+g+, McClain et al+,
1987; Forster & Altman, 1990a; Kahle et al+, 1990; Thur-
low et al+, 1991; Schlegl et al+, 1992; Hardt et al+, 1993a;

Carrara et al+, 1995; Yuan & Altman, 1995)+ Substrate
recognition has been studied most extensively for bac-
terial RNase P enzymes+ Binding of tRNA to the cata-
lytic RNA mainly relies on tertiary contacts between
functional groups of the two RNA molecules+ One re-
gion of Watson–Crick-type base-pairing, involving the
two consecutive cytosines of tRNA CCA-termini and
two guanosines in the internal L15/16 loop of Esche-
richia coli-like “type A” (Haas et al+, 1996) RNase P
RNAs, has been indicated by genetic studies (Kirse-
bom & Svärd, 1994)+ Five functional groups in the T
stem-loop of yeast tRNAPhe, including four ribose 29-
hydroxyls and the 4-amino group of the conserved
C56, were shown to be crucial for binding to Bacillus
subtilis RNase P RNA (Loria & Pan, 1997)+ Biochemi-
cal, mutational, and photoaffinity crosslinking data in-
dicate that the P7–P11 region of bacterial RNase P
RNA is the main interaction site for the T stem-loop of
tRNAs (Nolan et al+, 1993; Harris et al+, 1994; Pan
et al+, 1995; Loria & Pan, 1997)+ The 29-hydroxyl of
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tRNA nucleotide 62 was inferred to interact with A230
of B. subtilis RNase P RNA (Pan et al+, 1995)+ Binding
interference studies have identified pro-Rp oxygens
and 29-OH groups in E. coli RNase P RNA whose mod-
ification impairs tRNA binding (Hardt et al+, 1995b, 1996)+
A subset of these functional groups are potential can-
didates for direct contacts to the tRNA moiety, par-
ticularly those residing in regions reported to form
photoreactive crosslinks with tRNA molecules+ Another
subset of interfering modifications is anticipated to af-
fect tRNA binding indirectly by perturbing crucial ter-
tiary interactions or by favoring alternative folding states+
Since the gel retardation assay applied in this and pre-
vious studies (Hardt et al+, 1995b, 1996) selects for
thermodynamically stable tRNA binding to E. coli RNase
P RNA under moderate salt conditions (0+1 M NH4

1,
0+1 M Mg21), it is considered to be a sensitive probe for
the detection of functional groups involved in tRNA bind-
ing either directly or indirectly+ Of course, one cannot
exclude that some of the information obtained here
may not be equally valid for every functional state of
RNase P RNA, since the catalytic RNA may undergo
conformational changes during the catalytic cycle, and
different substrates and products may bind in a non-
identical fashion (Guerrier-Takada & Altman, 1993; Kufel
& Kirsebom, 1996a; Pan & Jakacka, 1996; Westhof
et al+, 1996)+

Here we have extended the tRNA binding interfer-
ence approach to inosine modifications to identify exo-
cyclic NH2 groups of guanosines in RNase P RNA from
E. coli that are important for tRNA binding+ The majority
of observed interference effects were at conserved G
residues+ In this study we were able to assign a subset
of interference effects to direct interactions between
RNase P RNA and tRNA, whereas others are attribut-
able to indirect effects by virtue of disturbing the integ-
rity of tertiary structural elements within the catalytic
RNA+ Our results provide direct biochemical evidence
for the base-pairing of G292/G293 to the 39-terminal C
residues of tRNAs, as inferred from mutational studies
(Kirsebom & Svärd, 1994)+ We further present results
supporting the formation of two consecutive base tri-
ples involving C75 and A76 of tRNA CCA-termini that
interact with G292/A258 and G291/G259 of E. coli
RNase P RNA, as recently proposed by Easterwood &
Harvey (1997), and data in support of two tertiary con-
tacts, one between G316/A317 in L18 and two con-
secutive base pairs in P8 (Brown et al+, 1996), and
another involving A99 in L8 and base pair C71:G356 in
P4 (Massire et al+, 1998)+ Additional support for the
L18-P8 interaction is provided by mutational analysis
of the nucleotide triple (G316 and A94:U104 in wild-
type E. coli RNase P RNA): mutant RNase P RNA
carrying the G94:C104 double mutation in helix P8 re-
gained substantial binding affinity for mature as well as
precursor tRNA after a G-to-A exchange at position
316+

RESULTS

Nucleotide analog interference mapping (NAIM)

NAIM approaches exploit the potential of phosphoro-
thioate-specific cleavage of nucleic acids by iodine (Gish
& Eckstein, 1988)+ In this study, a pool of E. coli RNase
P RNAs carrying randomly distributed inosine Rp-
phosphorothioate modifications (IMPaS, Fig+ 1) was
analyzed for tRNA binding+ It has been documented
previously that Sp-NTPaS analogs are incorporated with
essentially the same efficiency as normal NTP sub-
strates by T7 RNA polymerase (Christian & Yarus, 1992)+
We also observed very similar efficiencies of GTPaS
and ITPaS incorporation by T7 RNA polymerase, and
inosines are accurately incorporated in place of gua-
nosines (Strobel & Shetty, 1997)+ A low level of IMPaS
modification (2+5%) was chosen to minimize the prob-
ability that RNAs carry more than one modification per
molecule at functionally important locations, which may
mask weaker interference effects (Christian & Yarus,
1992)+ Partially modified RNase P RNA pools were sep-
arated into tRNA-binding and nonbinding fractions by
gel retardation and then subjected to iodine cleavage
(Hardt et al+, 1995b, 1996; see Materials and Methods)+
Interference effects are observed at those positions
where the iodine hydrolysis product is diminished in the
tRNA-binding RNase P RNA fraction but enhanced in
the nonbinding fraction+ A comparison of interference
patterns obtained for Rp-IMPaS- and Rp-GMPaS-
modified RNase P RNA pools allowed us to distinguish
between effects attributable to the phosphorothioate
and/or the inosine modification+ This approach has the

FIGURE 1. Illustration of guanosine and inosine 59-a-thiotriphosphate
(Sp-diastereomer) analogs used in T7 transcriptions of E. coli RNase
P RNA+
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inherent limitation that strong interference effects due
to the phosphorothioate modification per se are insen-
sitive to the testing of the additional modification+

Sites of inosine interference

Comparative iodine hydrolysis patterns of the two func-
tionally separated E. coli RNase P RNA fractions, orig-
inating either from partially GMPaS- or IMPaS-modified
RNase P RNA pools, are shown in Fig+ 2A for the re-
gion of nt 270 to 332+ Only sites of interference repro-
ducibly detected in three to six independent experiments
are depicted by circles+ For example, interference ef-
fects at nt 291–293 were observed with IMPaS but not
GMPaS, and are thus entirely attributable to the ino-
sine modification+Combined effects were found at G300
and G316+ Here, phosphorothioate interferences are
enhanced by the additional inosine modification+ Other
examples of interfering positions are illustrated in Fig-
ure 2B+ All found sites of inosine interference are sum-
marized within the secondary structure model (Fig+ 3)
and have been classified according to their relative
strength (Table 1)+ Strong interference (.50%) with
gel-resolvable tRNAGly(intron) binding was observed for
IMPaS but not GMPaS substitutions at guanosines 19,
63, 230, 291–293, 306, 329, and 356+ Moderate inter-
ference effects (25–50%) solely due to the inosine mod-
ification were located at G64, 95, 137, 304, and 314,
and weak effects (,25%) to G22, 30, and 105–109+
We cannot draw any conclusion with regard to the ino-
sine modification at G68 because of an essentially com-
plete phosphorothioate effect at this position+At several
positions we have observed weak or moderate inter-
ference effects for the GMPaS modification alone,which
were enhanced in the presence of the IMPaS double
modification+ At these locations, both the sulfur substi-
tution at the 59-phosphate and the absence of the exo-
cyclic amino group contributed to a weakening of tRNA
binding+ This pertains to G72, G250/251, G300, G316,
and possibly G259–262 (Table 1)+ Phosphorothioate
interference effects at G250/251,G259–262, and G316
were not detected in our previous study (Hardt et al+,
1995b), which we attribute to the fact that the present
study included the analysis of 39- in addition to 59-end-
labeled RNase P RNA and a more rigorous quantifica-
tion of interference effects+ Inosine interference at
G259–262 (Fig+ 2B) and G105–109 (not shown) could
not be assigned to individual G residues because of
unsatisfactory gel resolution (Fig+ 2B)+ G250/251 rep-
resented a similar case, although the main interference
effect appeared to be at G250+

The P8 and L18 regions—sites of interference
and mutational analysis

Analysis of an enlarged collection of bacterial RNase P
RNAs revealed that in the majority of RNAs a G at

position 316 covaries with an A:U pair at position 94:104,
while an A at position 316 covaries with a G:C pair at
this location (Brown et al+, 1996)+ This finding led to the
conclusion that the tetraloop L18 interacts with helix
P8, probably comprising nt 316 and 317 in L18 and the
consecutive base pairs at position 94:104 and 95:103
in helix P8+ However, attempts to provide experimental
support for the proposed tertiary interaction had been
unsuccessful (Brown et al+, 1996)+ The molecular basis
of the L18-P8 tertiary interaction was proposed to in-
volve two consecutive nucleoside triples of the type
reported by Jaeger et al+ (1994) in the context of a
mutational study of the Tetrahymena group I intron+

We have observed a variety of nucleotides in the L18
and P8 regions in this and our previous studies (Hardt
et al+, 1995b, 1996) at which Rp-phosphorothioate-,
29-deoxy-, and/or inosine modifications interfered with
tRNA binding (summarized in Fig+ 4A)+ Interference ef-
fects may either reflect a perturbation of direct contacts
to the tRNA or may affect tRNA binding indirectly by
disrupting RNase P RNA structure+ Based on the phy-
logenetic evidence mentioned above (Brown et al+,
1996), interference effects observed in the L18 and P8
regions are likely to reflect an indirect effect on tRNA
binding by means of perturbing the L18-P8 tetraloop-
helix interaction+ This is also in line with the finding that
helix P8 is part of the four-helix junction that is thought
to be the main interaction site for the T arm of tRNA
molecules (Nolan et al+, 1993; Harris et al+, 1994; Pan
et al+, 1995; Loria & Pan, 1997)+

Figure 4B,C summarizes a model of the L18-P8 in-
teraction based on the proposed nucleoside triple struc-
tures of Jaeger et al+ (1994), but with the modifications
outlined below+ First, we incorporated an additional in-
teraction involving the tetraloop nucleotides G314 and
A317 (Fig+ 4B) for the following reasons: (a) this type of
interaction between the first- and last-loop nucleotide
has recently been observed in two GNRA tetraloop-
helix contacts in crystal structures of the hammerhead
ribozyme and the P4/P6 domain of the Tetrahymena
ribozyme (Pley et al+, 1994; Cate et al+, 1996), and (b)
this type of interaction is fully supported by our inter-
ference data (Fig+ 4A)+ Second, we propose hydrogen
bonding between the 2-NH2 group of G316 and O2 of
U104 to account for the observed inosine interference
effect at G316 (Fig+ 4A,C)+ The nucleotide quadruple
and triple shown in Figure 4B,C would be supported by
inosine interference effects at G95, 314, and 316, as
well as by Rp-phosphorothioate interference at A317
(Fig+ 4A)+ However, the triple nt 316/94:104 in Fig-
ure 4C predicts a 29-deoxy interference effect at A94,
which we have not observed+

An alternative model of the L18-P8 interaction
(Fig+ 4D,E) is consistent with the bulk of our interfer-
ence data+ While the triple is a model proposed by
analogy to an A/G:C triple seen in the crystal structure
of the hammerhead ribozyme (Pley et al+, 1994), this
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FIGURE 2. Iodine cleavage analysis of tRNA binding interference experiments+ Partially Rp-IMPaS-modified 59-32P-
labeled E. coli RNase P RNAs were selected for tRNA(intron)

Gly binding under conditions of 1 3 buffer A (see Materials and
Methods); original: the original partially modified RNase P RNA pool; complex: RNase P RNA fractions recovered from the
complex with tRNA(intron)

Gly ; non-binding: RNase P RNA fractions that did not bind to tRNA(intron)
Gly + A: Comparative Rp-IMPaS

and Rp-GMPaS hydrolysis patterns are shown exemplarily for sites of interference between nt 270 and 332+ B: Illustration
of other sites of inosine interference+ A sequence ladder generated by iodine hydrolysis of Rp-AMPaS-modified RNase P
RNA was included for the analysis of the 39-P4 region (G356)+ Nucleotide positions indicated by circles are sites of tRNA
binding interference effects attributable to the inosine modification alone (black circles) or to both the Rp-phosphorothioate
and the inosine modification (open circles); the triangle (G68) indicates a 100% Rp-phosphorothioate interference effect+
Interference effects were verified in three to six independent experiments+Also, to compensate for fluctuations in the amount
of material loaded on gels, corresponding hydrolysis bands in the tRNA-binding (complex) and nonbinding RNase P RNA
lanes were normalized to the average intensity differences of three to four reference bands for which an interference effect
was absent (see Materials and Methods)+Gel resolution and thus assignment of interference effects was poor for G105–109
(not shown), G250/251 and G259–262+ However, in the latter two cases, interference effects appeared to be predominantly
at G250 and G259/260+ A second example of the G95 region is included to illustrate that the site of interference is at G95
rather than G96+
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type of quadruple has up to now been observed in
crystal structures of the hammerhead ribozyme and
the P4/P6 domain of the Tetrahymena group I intron
(Pley et al+, 1994; Cate et al+, 1996), involving exactly
the same hydrogen bonding interactions as shown in
Figure 4D+ The two crystallographic precedents now
available lead us to favor the models shown in Fig-
ure 4D,E+

To gain further experimental support for the L18-P8
interaction, we analyzed several RNase P RNA vari-
ants with mutations in the two regions+A mutant with an
inversed G:C pair at position 95:103 (Mut 0, Fig+ 5)
showed a minor (threefold) but reproducible decrease
in tRNA binding affinity, which also holds true for the
G316-to-A mutant (Mut 1)+ It should be noted that we
always coelectrophoresed the wild-type RNase P RNA
and the mutant RNA under investigation to compen-
sate for fluctuations (temperature, current) in individual
gel retardation experiments+ In all independent exper-
iments (three to six per mutant RNA), the mutant RNAs
Mut 0 and Mut 1 showed weaker binding than the wild-
type RNase P RNA+An A317-to-G mutation (Mut 2 and
Mut 5) essentially abolished gel-resolvable tRNA bind-
ing (Fig+ 5)+ Since RNA folding predictions suggested
that this mutation may cause aberrant folding in the
P18 region, we analyzed this mutant RNase P RNA by
lead probing in comparison with wild-type RNase P
RNA and variant Mut 1+ Variant Mut 2 clearly showed
increased susceptibility to lead hydrolysis in the P15-
J15/18-P18 region (Fig+ 6), supporting the suspicion
that an A317-to-G exchange induces severe misfolding
of RNase P RNA+ This is consistent with the observa-
tion that all A-type (E. coli-like; Haas et al+, 1996) bac-
terial RNase P RNAs carrying the P18 module possess
an A at this location, except for one isolate (LGW#23;
Brown, 1998; RNase P database)+ Variant Mut 3, car-
rying two double mutations (G94:C104 and A95:U103)
in P8, showed reduced tRNA binding affinity (Fig+ 5)+
However, an additional base exchange (G316 to A,
Mut 4) resulted in a restoration of binding affinity+ These
results provide the first direct experimental evidence
for a G316/A94:U104 or an A316/G94:C104 triple as
part of the L18-P8 tertiary contact+ The equal impor-
tance of this interaction for the binding of mature tRNAGly

and precursor tRNAGly (Fig+ 5) indicates that formation
of this contact optimizes binding of the tRNA moiety+

DISCUSSION

The P15/P16 region

The strong inosine interference effects at G292 and
G293 (Table 1) provide direct experimental evidence
for the two exocyclic amino groups at G292/293 being
involved in Watson–Crick base pairing with the two
cytosines of tRNA 73NCCA76 39-termini, as inferred from
mutational studies (Kirsebom & Svärd, 1994; Svärd

FIGURE 3. Secondary structure of wild-type E. coli RNase P RNA
according to Haas et al+ (1994), Mattsson et al+ (1994) and Massire
et al+ (1998)+ P: helical regions; L: loop regions; J: joining segments
named according to the numbers of helices they connect+ Nucleo-
tides at which an Rp-IMPaS double modification, but not the Rp-
GMPaS modification alone, interfered with tRNA binding are indicated
by black circles and white letters; positions where interference ef-
fects were enhanced for the Rp-IMPaS compared with the Rp-
GMPaS modification are marked by open circles; circled nucleotides
marked by asterisks: because of limited gel resolution, individual
contributions to observed interference effects of guanosines at po-
sitions G105–109, G250/251 and G259–262 could not be assigned
unequivocally+ However, for the latter two regions, main effects ap-
peared to be at G250 and G259/260 (Fig+ 2B)+ The triangle (G68)
indicates a 100% Rp-phosphorothioate interference effect+ For the
relative strength of interference effects see Table 1+ RNase P RNAs
carried an additional G (not shown) at the 59 end for efficient tran-
scription by T7 RNA polymerase+ For RNase P RNAs transcribed
from plasmid pSP64M1 linearized with BamHI, the shown 39 end
was extended by GGAUC+ In the case of RNase P RNA transcribed
from plasmid pSP64M1HH (see Materials and Methods), 39 ends
derived from hammerhead self-cleavage had the sequence
370UUUCACGUC.p (mutation underlined)+ Boxed nucleotides G292-
U294: sites of interaction with CCA of tRNA 39-termini (grey-shaded;
Kirsebom & Svärd, 1994) and extended interaction also involving the
discriminator base of tRNA NCCA termini (open and grey-shaded
boxes; Tallsjö et al+, 1996)+
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et al+, 1996)+ The strong inosine interference at G291 is
the first biochemical support for a bifurcate H-bonding
interaction between the 2-NH2 group of G291 and the
N7 and O6 of G259, as proposed recently in a com-
puter model of of the J15/16 bulge loop complexed
with a tRNA ACCA 39-terminus (Easterwood & Harvey,
1997)+ In the aforementioned model, G259, G291, and
A76 of tRNA CCA-termini as well as G292, A258, and
C75 of CCA form coplanar base triples stacked upon
each other (Fig+ 7)+ We also identified a c7-deaza
modification at G292 that interferes with tRNA binding
(unpubl+ results)+ This observation is consistent with
H-bonding involving N7 of G292 and the 6-NH2 group
of A258 (Fig+ 7)+ Taken together, our results provide
experimental support for several molecular details of
the RNase P RNA-NCCA interaction as predicted in
the Easterwood and Harvey model+

Further interference effects could be assigned to the
region of nt 259–262 (Table 1)+ The four guanosines at
this location, however, migrated as two bands on PAA/
urea gels (Fig+ 2B)+ We tentatively assigned one band
to G259 and/or G260 and the second to G261 and/or
G262+ The interference of intermediate strength was
essentially attributable to the Rp-phosphorothioate mod-
ification (Table 1)+ The iodine hydrolysis band assigned
to G259/260 showed a stronger interference effect than
the band assigned to G261/262 (Fig+ 2B)+ G259 of E.
coli RNase P RNA was shown to be protected from
kethoxal modification (kethoxal modifies the N1 and N2
positions of guanosines) in the presence of (p)tRNA
carrying an intact CCA terminus+ Deletion of the termi-
nal A76 of CCA abolished protection at this location
(LaGrandeur et al+, 1994) and A76 contributes to the
high-affinity binding of (p)tRNA to RNase P RNA (Hardt

TABLE 1 + Quantification of (A) IMPaS and (B) combined GMPaS/IMPaS interference effects, using a Bio-Imaging Analyzer BAS-1000
(FUJIFILM) and the software PCBAS (Raytest)+

IMPaS: grey-shaded bars; GMPaS: black bars+ Each quantification was based on three to six independent experiments, and deviations
between individual experiments were below 6 15%+ To compensate for intensity fluctuations in iodine hydrolysis patterns of tRNA-binding and
nonbinding RNase P RNA fractions, each position of interference was normalized to the average intensities of three to four reference bands
for which an interference effect was not apparent (for details, see Materials and Methods)+ In the case of combined phosphorothioate and
inosine interference effects, indicated interferences are cumulative: for example, the intensity of the iodine hydrolysis band at G300 was
reduced by 69% in the tRNA-binding RNase P RNA fraction using GMPaS-modified RNase P RNA pools, but was reduced essentially to zero
with the IMPaS double modification+ G300 thus represents a borderline case, where the phosphorothioate modification per se almost masks
the inosine effect under the conditions tested+ Note that interference effects in the regions of G105–109 and G259–262 could not be assigned
unambiguously to individual guanosines because of unsatisfactory gel resolution (see Fig+ 2B)+ Thus, interference effects were quantified for
the G clusters as a whole+ The same pertains to G250/251, although the main interference effect could be assigned to G250 (Fig+ 2B)+
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et al+, 1995a)+ These findings have been considered in
the Easterwood and Harvey model,where the N1 imino
and O6 functions of G259 form H bonds with the N7
and the 6-NH2 group of A76 (Fig+ 7)+ In the NMR struc-

ture of a 31-meric RNA module mimicking the P15/16
region of E. coli RNase P RNA, the upper- and lower-
loop nucleotides (corresponding to nt 254–259 and 291–
295 in RNase P RNA; Fig+ 3) were found to form a

FIGURE 4. A: Observed modifications in P18 and P8 that interfere with tRNA binding to E. coli RNase P RNA (this study;
Hardt et al+, 1996)+ B,C: Proposed interaction between B G314/A317/G95:C103 and C G316/A94:U104 of E. coli RNase
P RNA+ The shown interactions are extended versions of nucleoside triples reported by Jaeger et al+ (1994) in the context
of a mutational study of the Tetrahymena ribozyme+ D,E: Alternative models of the quadruple and triple+ The base triple
involving G316 is proposed by analogy to an A/G:C triple seen in the hammerhead crystal structure (Fig+ 1d,f in Pley et al+,
1994)+ The type of nucleotide quadruple shown in D has been observed in the hammerhead crystal structure and in the
P4/P6 domain structure of the Tetrahymena ribozyme (Cate et al+, 1996)+ Highlighted hydrogen bonding contacts in B, C,
D, and E are supported by the interference results shown in A+
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partial continuity of the base-stacked A-type RNA he-
lices on both sides of this internal loop (Glemarec et al+,
1996)+ NOE data also suggested that the nucleotide
corresponding to G259 is exceptional in that it is in a
bulged-out conformation (Glemarec et al+, 1996)+ In ad-
dition, G259 lies within a prominent metal ion cleavage
site whose susceptibility to lead hydrolysis is reduced
in the presence of tRNA (Ciesiolka et al+, 1994), and a
G259-to-U modification changes cleavage site selec-
tion with some substrates in the presence of Mg21 (Kufel
& Kirsebom, 1996b)+ It should also be noted that the
above-mentioned 31-meric RNA mimic of the J15/16
internal loop, which folds in a similar manner in the
isolated state as within the RNase P RNA context, is an
autonomous binding site for divalent metal ions that
are critical for the interaction of this region with (p)tRNA
ligands (Kufel & Kirsebom, 1998)+ Based on the obser-
vations just outlined it is likely that Rp-phosphorothioate-
specific interference effects observed 59 of guanosines
259–262 (Table 1) reflect indirect effects on tRNA bind-
ing by means of perturbing the P15/16 region and/or
its interaction with metal ions+

Since gel-resolvable tRNA-binding to RNase P RNA
substantially relies on the NCCA interaction (Hardt
et al+, 1995a), our interference assay seems to be highly
sensitive to minor destabilizations in the P15/16 do-
main+Our observation of 29-deoxy modifications at C253
and A256 that interfere with tRNA binding (Hardt et al+,
1996) may also reflect a direct or indirect role of the
29-hydroxyls at these positions in metal ion coordina-
tion or in stabilizing tertiary contacts between nucleo-

tides in the J15/16 internal loop and other regions of
RNase P RNA+ In summary, it has become clear that
the structural integrity of the J15/16 loop is tightly linked
to its metal-ion binding properties and to the alignment
of the cleavage site (Kufel & Kirsebom, 1996b;Westhof
et al+, 1996)+ The NCCA interaction seems to induce a
structural rearrangement of the RNase P RNA-(p)tRNA
complex including a recoordination of metal ion(s) in
the vicinity of the cleavage site (Ciesiolka et al+, 1994;
Kufel & Kirsebom, 1996b; Westhof et al+, 1996; Oh
et al+, 1998)+ Base, ribose, and phosphate moieties of
nucleotides in the upper and lower parts of the J15/16
loop as well as base and ribose moieties of the tRNA
NCCA terminus influence this process (Perreault & Alt-
man, 1992;Hardt et al+, 1996; Kufel & Kirsebom, 1996b,
1998; Tallsjö et al+, 1996; Oh et al+, 1998)+

Combined Rp-phosphorothioate and inosine inter-
ference effects were observed at G250 and G300
(Table 1)+ The Rp-GMPaS interference at the phylo-
genetically conserved G300 is enhanced by additional
inosine (Table 1) or 29-deoxy modifications (Hardt
et al+, 1996)+ A G300-to-C mutation largely decreased
tRNA binding affinity to E. coli RNase P RNA, although
binding affinity could be partially restored at high mono-
valent salt concentrations+ The G300-to-C mutation also
caused differences in the susceptibility to lead hydro-
lysis in the J5/15 to P17 region (Hardt & Hartmann,
1996)+ In summary, G300 is critical for (p)tRNA binding
and several functional groups of this nucleotide seem
to be involved in an intricate, yet uncharacterized, net-
work of interactions+ Considering the just-mentioned

FIGURE 5. Apparent equilibrium dissociation constants (appKD) for tRNA binding to E. coli RNase P RNA variants with
mutations in the P8 and/or L18 regions+ Mutations in L18 and P8 are highlighted+ AppKD-values were measured by gel
retardation in 1 3 buffer A (see Materials and Methods) using trace amounts of radiolabeled tRNA(intron)

Gly + For RNase P RNA
variants Mut 3 and Mut 4 we also measured binding of substrate ptRNAGly (appKD-values given below the ones for
tRNA(intron)

Gly ); however, in these two cases, Ca21 was substituted for Mg21 and the pH was reduced from 7+0 to 6+0 to avoid
processing of ptRNA during preincubation and electrophoresis (for details, see Materials and Methods)+
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phenotype of the G300-to-C mutant, the universal con-
servation of G300 among bacterial and archaeal RNase
P RNAs (RNase P database; Brown, 1998), and taking
into account the two available models of the RNase P
RNA-(p)tRNA complex (Chen et al+, 1998; Massire
et al+, 1998), it is likely that G300 affects (p)tRNA bind-
ing indirectly by playing a crucial role in folding of the
core structure, rather than forming a direct contact to
the tRNA moiety+

Phylogenetic comparative analysis predicts that G250
forms a G-U pair with U299 in E. coli RNase P RNA+
G250 is part of the core structure and several cross-
links with (p)tRNAs carrying a photoreactive group near
the tRNA 59-end map to the preceding nucleotides A248/
249 (Burgin & Pace, 1990; Kufel & Kirsebom, 1996a)+
This included ptRNAs carrying photoreactive 4-thio-U
residues 1 nt upstream of the RNase P cleavage site
(Kufel & Kirsebom, 1996a)+ As for G300, we think it
likely that Rp-phosphorothioate and inosine modifica-
tions at G250 affect tRNA binding indirectly by perturb-
ing folding of the RNase P RNA core structure+

Tertiary contacts L18/P8 and L14/P8

We present here, for the first time, two lines of exper-
imental evidence—modification interference and a res-
toration of (p)tRNA binding affinity by compensatory
mutations—in support of the L18/P8 tertiary contact+
Evidently, the integrity of the L18/P8 is crucial for high
affinity binding of the tRNA moiety+ We propose here
that the L18/P8 contact includes the formation of a
nucleotide quadruple, as shown in Figure 4D, for the
following reasons: (a) this type of quadruple has, up to
now, been observed for two GNRA tetraloop-helix in-
teractions in crystal structures (Pley et al+, 1994; Cate
et al+, 1996), and (b) five sites of tRNA binding inter-
ference are in line with its formation (Fig+ 4A)+ The
proposed model for the adjacent G316/A94:U104 triple
(Fig+ 4E), although without crystallographic precedent,
would best accommodate the observed modifications
that interfere with tRNA binding+ However, at present
we cannot rule out that the L18/P8 tertiary contact
involves interactions of the kind shown in Figure 4B,C

FIGURE 6. Pb21-induced hydrolysis patterns of 59-32P-labeled wild-type (wt) and mutant RNase P RNAs (Mut 1 and Mut 2)+
Sequence variations in the L18 tetraloop are shown at the top+ Lanes T1: limited digestion with RNase T1; note that G316
is missing in RNAs Mut 1 and Mut 2, and a new G band appears at position 317 in RNA Mut 2+ Assignment of Pb21-
hydrolysis bands to secondary structural elements is given on the right (see also Zito et al+, 1993; Ciesiolka et al+, 1994)+
For details of the Pb21-hydrolysis assay, see Materials and Methods+
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or may include hydrogen bonding contacts neither con-
sidered in Figure 4B,C nor in Figure 4D,E+

The phylogenetic covariation analysis of Brown et al+
(1996) also suggested that A214 of E. coli RNase P
RNA forms a triple with the base pair C93:G105 in P8+
This tertiary interaction may include another triple
formed between A215 and C92:G106 at the base of
P8+ We have observed inosine interference effects in
the region of G105–109 (Table 1), which could not be
assigned to individual guanosines because of poor gel
resolution+ Provided that inosine interferences at G105–
109 included contributions of G105 and/or G106, our
results might be interpreted in support of the L14/P8
interaction+

The J11/12 and J14/11 regions

Two sites of inosine interference were observed in the
upper domain of E. coli RNase P RNA, namely at G137
and G230 (Table 1)+ G137 is in the vicinity of A130 and
A132, where Rp-phosphorothioate modifications im-
pair tRNA binding (Hardt et al+, 1995b), and next to
A136, where a 29-deoxy modification interferes with
tRNA binding (Hardt et al+, 1996)+Westhof et al+ (1996)
have proposed J11/12 to be an important contact site
for tRNA substrates, which is consistent with the ac-
cessibility of nt 119–138 to oligonucleotide binding
(Guerrier-Takada & Altman, 1993)+ The J11/12 region
is much more accessible to Fe(II)-EDTA cleavage at
10 mM compared with 100 mM Mg21, demonstrating
the crucial role of Mg21 in organizing the higher-order
structure of this region (Westhof et al+, 1996)+ In the
three-dimensional model of Massire et al+ (1998), nt 136/

137 are in proximity of the substrate-RNase P RNA
interface, with the closest distance (4+2 Å) being from
the 6-NH2 group of A136 to the O-2P function of C56 of
their tRNA+ In this model, which, of course, does not
claim to represent a high-resolution structure, neither
the 29-OH group of A136 nor the 2-NH2 function of
G137 would be in H-bonding distance to functional
groups of the tRNA moiety+ Thus, it remains unclear
whether modifications at A136/G137 disrupt direct con-
tacts to the tRNA moiety or affect tRNA binding indi-
rectly by perturbing local RNase P RNA structure+

G230 was shown to pair with C128 by covariation
and mutational analyses (Mattsson et al+, 1994)+ Ac-
cording to a recent phylogenetic comparative analysis,
the 230:128 bp could be in the center of a P11 helix
extension, further involving non-Watson–Crick pairs at
positions 129:229 and 127:231 (Massire et al+, 1998)+
Inosine replacement at nt 230 may weaken this irreg-
ular P11 extension or may disrupt a tertiary interaction
involving the 2-NH2 group of G230+ This may in turn
destabilize the A233 contact with the tRNA T stem (Pan
et al+, 1995)+ A disruption of this contact may also be
the consequence of a 29-deoxy modification at A129
and Rp-phosphorothioate modifications 59 of A130 and
A132, all of which were found to impair tRNA binding
(Hardt et al+, 1995b, 1996)+

The P11-J11/12-J14/11 regions play a key role in the
interaction of RNase P RNA with metal ions: (a) the
most prominent sites of lead hydrolysis have been as-
signed to C122/C123 and G137/C138 (Zito et al+, 1993;
Ciesiolka et al+, 1994), and hydrolysis at these loca-
tions was also observed with other metal ions (Kaza-
kov & Altman, 1991), (b) a G230-to-C mutation reduced

FIGURE 7. Model of consecutive base triples formed between C75 and A76 of tRNA 39-CCA termini and nt G292/A258 and
G291/G259 in loop 15 of E. coli RNase P RNA, as proposed by Easterwood & Harvey (1997)+ Highlighted hydrogen-
bonding contacts are supported by the observed inosine interferences at G291 and G292 (Fig+ 2A, Table 1) and by a
c7-deaza interference at G292 (unpubl+ result)+
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the rate of lead-induced hydrolysis at positions G137/
C138 and in the J14/11 region (Mattsson et al+, 1994),
(c) impaired tRNA binding because of Rp-phosphoro-
thioate modifications 59 of A130 and A132 could be
partially rescued by addition of Mn21 (Hardt et al+,
1995b), (d) the J11/12 and J14/11 regions appear rather
unstructured at low- versus high-Mg21 concentrations
(Westhof et al+, 1996), and (e) the region in yeast nu-
clear RNase P RNA corresponding to J11/12 was shown
to affect Mg21 utilization of the enzyme in vivo (Pagan-
Ramos et al+, 1996) and to form a structure that is
highly sensitive to changes in the Mg21-concentration
(Ziehler et al+, 1998)+ It is thus conceivable that modi-
fications in J11/12, such as the 29-deoxy and inosine
modifications at A136 and G137, shift the equilibrium to
less productive conformations in the upper RNase P
RNA domain, rather than reflecting direct contacts to
the tRNA moiety+ The finding of several modifications in
the J11/12 region that interfere with tRNA binding (this
study; Hardt et al+, 1995b, 1996) as well as the clus-
tered conservation of several nucleotides in J11/12
(Haas et al+, 1994) supports the notion that this region
folds into a complex, yet poorly understood structure+

The P2/P3, J3/4, P4 regions

Sites of inosine interference were observed at G19,
linking P2 and P3, at G22 and G30 (P3) at G63/64
(J3/4), at G356 (P4), and a combined inosine/Rp-
phosphorothioate effect at G72 in P4 (Table 1)+ All po-
sitions are remote from functional groups of the tRNA
moiety in both existing models (Chen et al+, 1998;Mas-
sire et al+, 1998)+ Thus, inosine interference effects ob-
served at these positions are less likely to reflect direct
contacts+ Based on Fe(II)-EDTA cleavage experiments,
Westhof et al+ (1996) have argued that some regions of
E. coli RNase P RNA are conformationally more flexi-
ble than others, such as the internal G22/G59 loop in
P3, and the region of about nt 40–75, which depends
on high Mg21 concentrations to adopt a more ordered
structure+ Thus, the absence of the 2-NH2 group at
G19, 22, 30, 63, 64, or 72 may alter the conformational
equilibrium in these regions, which is then expected to
affect the folding of structural elements that are in con-
tact with the tRNA moiety+ This may also explain the
numerous interference effects identified in the core he-
lix P4 and its flanking sequences in previous studies
(Hardt et al+, 1995b, 1996; Harris & Pace, 1995)+

It is interesting to note that G19, 63, 64, and 356 are
invariant among bacterial RNase P RNAs+ G19 con-
nects P2 and P3, which are stacked in the models of
Massire et al+ (1998) and Chen et al+ (1998)+ G19 may
function as an anchored hinge influencing the relative
orientation of P2 and P3+ Removal of its 2-NH2 may
disrupt a contact to unknown functional group(s) lead-
ing to rearrangements of the P2/P3 stack+ Helix P4 is a
universally conserved structural element of all RNase

P and RNase MRP RNAs (Forster & Altman, 1990b;
Schmitt et al+, 1993), which is embedded in the tightly
packed core structure (Chen et al+, 1998;Massire et al+,
1998) and known to interact with metal ions (Hardt
et al+, 1995b; Harris & Pace, 1995)+ Thus, 2-NH2 groups
of the identified invariant guanosines in P4 and J3/4
(G63, 64, and 356) are thought to be part of a hydrogen-
bonding network required to organize the higher-order
structure and the metal binding sites in the catalytic
core, rather than being involved in direct contacts to
tRNA moieties+ Massire et al+ (1998) have recently pro-
posed that the two adenines 98/99 in L8 interact with
the two conserved base pairs C71:G356 and C70:G357
in P4+ In their model, N1 of A99 is at a distance of 3+5 Å
to the 2-NH2 group of G356, and N3 of A99 is 3+4 Å
from the 29-hydroxyl of C71+ Our findings of an inosine
interference at G356 (this study) and 29-deoxy inter-
ferences at A99 and C71 (Hardt et al+, 1996) provide
the first direct experimental evidence in support of the
formation of an A99/C71:G356 triple+ Likewise, Rp-
phosphorothioate modifications 59 of C70 and C71 that
also interfere with tRNA binding (Hardt et al+, 1995b)
and catalysis (Kazantsev & Pace, 1998) could as well
reflect a perturbation of the proposed L8/P4 tertiary
contact+ We propose that the nucleotide triple A99/
C71:G356 is of the kind observed in the hammerhead
crystal (Fig+ 1d of Pley et al+, 1994), involving the fol-
lowing features: hydrogen bonding between N1 of A99
and the 2-NH2 group of G356, between N3 of A99 and
the 29-hydroxyl of C71, and between the 29-hydroxyls
of C71 and A99 (Fig+ 8)+Clustered Rp-phosphorothioate

FIGURE 8. Model of a nucleoside triple formed between A99 in L8
and base pair C71:G356 (P4) of E. coli RNase P RNA (adapted from
Pley et al+, 1994)+ Highlighted hydrogen-bonding contacts are sup-
ported by our tRNA binding interference data (Table 1; Hardt et al+,
1996; for details, see text)+
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modifications interfering with catalysis and tRNA bind-
ing have been observed in helix P4 (Hardt et al+, 1995b;
Harris & Pace, 1995; Kazantsev & Pace, 1998)+ The
finding that interferences at A67, U69, and C70 were
responsive to rescue by Mn21 (Hardt et al+, 1995b;
Harris & Pace, 1995) as well as the critical role of the
base at position 70 in determining the catalytic metal
specificity (Frank & Pace, 1997) suggest that the pu-
tative L8-P4 contact is in direct proximity to metal-ion
binding site(s)+

Considering that the majority of guanosines in E. coli
RNase P RNA is involved in Watson–Crick pairing and
leaving aside the unresolved clusters G105–109 and
G259–262, relatively few inosine interference effects
were observed in regular helical segments (Fig+ 3)+
Based on the involvement of G95 and G356 in the
L18/P8 and L8/P4 tertiary interactions, it seems likely,
by inference, that those other guanosines in regular
helices showing inosine interference function as minor
groove hydrogen bonding donors as well+

MATERIALS and METHODS

PCR, mutagenesis, and cloning

Primer 1: 59-TAATACGACTCAC TATAGGAAGCTGACCAG
ACAGTCGCCGC

Primer 2: 59-CCAGAATTCGAAATTAATACGACTCAC TATA
Primer 3: 59-CGCGGATCCAGGTGAAACTGACCGATAAGC

CGG
Primer 4: 59-GTCCCCCGGGTAGGCTGCTTGAGCCAG
Primer 5: 59-TATTACGTTTCGTCCTCACGGACTCATCAGA

CCGGAAAGCACATCCGGTGACGTGAAACTGACCGAT
AAGCCGGGTTC

Primer 6: 59-GGCGGGATCCTATTACGTTTCGTCCTCACGG
ACTC

Primer 7: 59-ACGCGTTACGTGGCACCCTGCCCTATG
Primer 8: 59-CCATAGGGCAGGGTGCCACGTCCACGTAAC

GCGTGG+

All PCR reactions were performed with Pfu DNA polymer-
ase according to protocols provided by the manufacturer
(Stratagene)+ The E.coli RNase P RNA wild-type gene (rnpB)
was amplified using forward primer 1 (T7 promoter sequence
in bold, nt 1 of RNase P RNA underlined, according to Fig+ 3)
and reverse primer 3 (BamH1 site underlined, the nucleotide
complementary to U377 of RNase P RNA in bold) and tem-
plate pDW160 (Waugh & Pace, 1990) in a first PCR reaction,
and using the resulting PCR product, forward primer 2 (EcoRI
site underlined, T7 promoter in bold) and reverse primer 3 in
a second reaction+ The latter PCR product was digested with
EcoRI and BamHI and cloned into pSP64 (Promega) di-
gested with the same enzymes, resulting in plasmid pSP64M1+
Introduction of a cis-hammerhead-coding sequence adjacent
to the 39 end of rnpB was performed as follows: (1) amplifi-
cation using forward primer 4 (SmaI site underlined, nt 288–
293 in Fig+ 3), reverse primer 5 (hammerhead sequence
underlined, mutation at position 376 to generate a GUC se-
quence for optimized hammerhead cleavage in bold), and

pSP64M1 as template; (2) a BamHI site was introduced using
forward primer 4 and reverse primer 6 (BamHI site under-
lined); this PCR product was digested with SmaI and BamHI
and substituted for the corresponding SmaI/BamHI frag-
ment encoding the 39-portion of rnpB in pSP64M1, yielding
plasmid pSP64M1HH+ Mutations in P8 (C95:G103) were in-
troduced by a three-reaction PCR protocol as described pre-
viously (Hardt & Hartmann, 1996), using (a) primers 1 and 7
(mutations underlined, complementary to nt 78–104 in Fig+ 3)
and pSP64M1 as template in the first step, (b) primer 8 (mu-
tations underlined, corresponding to nt 77–106 in Fig+ 3),
primer 3, and the template pSP64M1 in a second reaction,
and (c) primers 1 and 3 and the two PCR products from the
preceding steps as template DNAs in a third reaction+ The
final PCR product was blunt-end cloned into the SmaI site of
pUC18+ E. coli RNase P RNAs Mut 1–4 were constructed by
site-directed mutagenesis using the method of Kunkel (1985)
on single-stranded DNA obtained from a derivative of pDW98
(Smith et al+, 1992) that contained an f1 origin of replication+
Primers used are minus-strand oligonucleotides listed below+
Mutagenic primers were used singly or in pairs to obtain the
desired mutations; primer Ec316A: 59-TAGGCCAGCAATTG
CTCACTG (mutation underlined, complementary to nt 308–
328 in Fig+ 3); primer Ec316–317: 59-TAGGCCAGCAA
CTGCTCACTG (mutation underlined, complementary to
nt 308–328 in Fig+ 3); primer Ecp8-18d: 59-TTCCCCCCC
GAGCGTTACTCGGCACCCTG (mutations underlined, com-
plementary to nt 85–113 in Fig+ 3)+ Cloned PCR products and
mutated rnpB genes were confirmed by DNA sequencing
using Sequenase (US Biochemicals) or the ABI Prism Kit
(Applied Biosystems)+

Preparation of RNAs

Templates prepared by PCR were used for T7 transcription of
wild-type E. coli RNase P RNA without a hammerhead,
(p)tRNAGly and (p)tRNA(intron)

Gly (Hardt et al+, 1993b)+ Templates
for all other RNAs were linearized plasmid DNAs+ Unmodified
E. coli RNase P RNA, (p)tRNAGly and (p)tRNA(intron)

Gly were
synthesized by runoff transcription with T7 RNA polymerase
under the following conditions (1 mL assay): 80 mM HEPES/
HCl, pH 7+5, 22 mM MgCl2, 1 mM spermidine, 3+75 mM each
ATP, CTP, GTP, and UTP, 120 mg BSA, 5 mM DTT, 5 U
pyrophosphatase, about 15 pmol (linearized plasmid DNA) or
300 pmol (PCR-amplified DNA) template DNA and 2,000 U
T7 RNA polymerase (MBI Fermentas)+ For the synthesis of
RNAs with 59-monophosphate or 59-OH groups (to facilitate
59-end labeling), T7 transcription assays contained either
9 mM GMP or 6 mM ApG as the initiator of transcription+
Initiation with ApG introduced an additional A residue at the 59
end, resulting, for example, in a ptRNAGly with a 15-nt 59 flank
(59-AGGAUUUUCCCUUUC)+After 2 h at 37 8C, 250 U DNase
I (Boehringer Mannheim) were added, followed by another
incubation for 30 min at 37 8C and phenol/chloroform (1:1)
extraction+ RNAs were purified by Sephadex-G50 gel filtra-
tion and recovered by ethanol precipitation in the presence of
75 mM NaOAc, pH 6+7+ RNAs were dissolved in water and
concentrations were determined by absorbance at 260 nm
(1 A260 unit 5 37 mg)+ For the synthesis of phosphorothioate-
modified RNase P RNAs,GTP was partially replaced with the
Sp-GTPaS or Sp-ITPaS (NAPS Göttingen, Germany) ana-
log+ Partially Rp-inosine-phosphorothioate- (Rp-IMPaS) mod-
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ified E.coli RNase P RNAs were prepared by T7 transcription
in the presence of 40 mM Tris/HCl, pH 8+0, 2 mM NaCl, 8 mM
MgCl2, 2 mM spermidine, 5 mM DTT, 1 mM GTP, 1+5 mM
each ATP, CTP, and UTP, 0+025 mM ITPaS, ;15 pmol (lin-
earized plasmid DNA) or 300 pmol (PCR-amplified DNA) tem-
plate DNA and 2,000 U T7 RNA polymerase+ After digestion
with DNase I, transcription assays were purified as described
above+

39- and 59-end labeling

End labeling was performed essentially as reported previ-
ously (Hardt et al+, 1995b)+ Labeled RNAs were purified by 5
to 10% PAGE/8 M urea, bands were visualized by autoradi-
ography, excised from the gel, eluted overnight at 4 8C in
200 mM Tris/HCl, pH 7+1, 1 mM EDTA, 0+1% SDS, and were
recovered by ethanol precipitation in the presence of 75 mM
NaOAc (pH 6+7) and 13 mg/mL glycogen as carrier+ Samples
were dissolved in 10 mL water and stored at 220 8C+ Before
39-end labeling of RNase P RNA transcribed from plasmid
pSP64M1HH and carrying the 39 end U370UUCACGUC.p
derived from hammerhead self-cleavage, the 29, 39-cyclic phos-
phate was removed essentially as described (Cameron &
Uhlenbeck, 1977)+Reaction mixtures, containing 0+1 mM ATP,
100 mM imidazole-HCl, pH 6+0, 10 mM MgCl2, 10 mM
2-mercaptoethanol, 20 mg/mL BSA, and 1 U T4 polynucleo-
tide kinase (MBI Fermentas) per 86 pmol of RNA, were in-
cubated for 6 h at 37 8C, followed by phenol/chloroform (1:1)
and chloroform extractions, desalting on Sephadex G-50 col-
umns, ethanol precipitation in the presence of 75 mM NaOAc,
pH 6+7, and dissolving the RNA in water+

Gel retardation

To analyze tRNA(intron)
Gly binding to partially phosphorothioate-

modified E. coli RNase P RNA pools, 1+2 mM unlabeled wild-
type RNase P RNA mixed with trace amounts of 32P-labeled
pool RNA were preincubated at 37 8C for 60 min in 1 3 buffer
A [100 mM Mg(OAc)2, 100 mM NH4OAc, 1 mM EDTA, 50 mM
TrisOAc, pH 7+0, at 37 8C]; 1+9 mM ptRNA(intron)

Gly in 1 3 buffer
A containing glycerol was added (final volume 15 mL, final
glycerol concentration 5%); and assays were incubated
for 30 min at 37 8C, resulting in complete maturation of the
ptRNA(intron)

Gly + Samples were loaded on a native 7+5% poly-
acrylamide gel and run for 12 h at 37 8C+ The running buffer
(1 3 buffer A) was exchanged several times to ensure con-
stant conditions during electrophoresis+ The bound and un-
bound RNAs were visualized by autoradiography; bands were
excised and polymerized into a 7% PAA/8 M urea gel fol-
lowed by electrophoresis under 1 3 TBE conditions+ After
autoradiography, RNase P RNA bands were excised again,
eluted, and precipitated as described above+ Gel retardation
assays with mutant E. coli RNase P RNAs were performed
as outlined above, but using trace amounts of 59-end labeled
tRNA(intron)

Gly or tRNAGly incubated with increasing concen-
trations of RNase P RNAs in 1 3 buffer A+ For binding studies
with the 59-end labeled substrate ptRNAGly, the incubation
and electrophoresis buffer contained 100 mM Ca(OAc)2,
100 mM NH4OAc, 1 mM EDTA and 50 mM MES, pH 6+0, at
37 8C (plus 5% glycerol in the incubation buffer) to prevent
processing+ The 59-end label allowed us to ascertain that

maturation of ptRNAGly during the gel retardation procedure
was insignificant+

Iodine hydrolysis

Iodine hydrolysis was performed as described (Hardt et al+,
1995b)+ Hydrolysis bands were analyzed on 6, 8, 10, 15, or
25% PAA gels containing 8 M urea, and visualized and quan-
tified using a Bio-Imaging Analyzer BAS-1000 (FUJIFILM)
and the analysis software PCBAS (Raytest)+ Interference
effects for individual bands were quantified as follows:
fnonbind+ 5 [Inonbind+/(Inonbind+ 1 Icomplex)] 3 100% and fcomplex 5
[Icomplex/(Inonbind+1 Icomplex)] 3 100%, with fnonbind+ and fcomplex

indicating the fractional intensities of the nonbinding and bind-
ing (complex) RNase P RNA fractions, respectively+ Intensi-
ties (I) were corrected for background values and fcomplex was
normalized to the average intensities of three to four refer-
ence bands for which an interference effect was not appar-
ent+ For example, if the aforementioned three to four reference
bands showed an average reduction in intensity by a factor of
0+9 in the lane corresponding to the RNase P RNA fraction
from the complex, fcomplex was divided by this factor to avoid
overemphasizing the interference effect+ Finally, interference
effects (in percent, Table 1) were determined by subtracting
the corrected fcomplex value from the fnonbind+ value+

Hydrolysis by Pb 2+

Trace amounts of 59-32P-labeled E. coli RNase P RNA and
mutants thereof were mixed with 10 pmol of wild-type E. coli
RNase P RNA and incubated for 1 h at 37 8C in 1+25 3 buffer
A+ Pb21-hydrolysis reactions were started by adding 1 mL of
lead acetate solution (25–125 mM) to 4 mL of RNA solution+
In control lanes, 1 mL of water was added+ After a 15 min
incubation at 37 8C, hydrolysis reactions were stopped by
addition of 10 mL loading buffer (67% formamide, 30 mM
boric acid, 30 mM Tris/HCl, pH 8+3, 0+7 mM EDTA, 2+7 M
urea, 0+01% [w/v] each BPB and XCB) supplemented with
75 mM EDTA and shock-freezing in liquid nitrogen+

RNA folding predictions and
three-dimensional models

Folding predictions of E. coli RNase P RNAs with mutations
in the P18 region were performed on the mfold web page
(http://www+ibc+wustl+edu/;zuker/rna/form2+cgi)+ Computer
models of RNase P RNA-(p)tRNA complexes (Chen et al+,
1998; Massire et al+, 1998) and the J15/16-ACCA interaction
(Easterwood & Harvey, 1997) were extracted from the RNase
P database (Brown, 1998) available on the internet (http://
www+mbio+ncsu+edu/RNaseP/home+html) and visualized using
the program RasMol, Windows Version 2+6+
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