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ABSTRACT M1 RNA, the catalytic subunit of Escherichia
coli RNase P, forms a secondary structure that includes five
sequence variants of the tetraloop motif. Site-directed mu-
tagenesis of the five tetraloops of M1 RNA, and subsequent
steady-state kinetic analysis in vitro, with different substrates
in the presence and absence of the protein cofactor, reveal that
(i) certain mutants exhibit defects that vary in a substrate-
dependent manner, and that (ii) the protein cofactor can
correct the mutant phenotypes in vitro, a phenomenon that is
also substrate dependent. Thermal denaturation curves of
tetraloop mutants that exhibit Kkinetic defects differ from
those of wild-type M1 RNA. Although the data collected in
vitro underscore the importance of the tetraloop motif to M1
RNA function and structure, three of the five tetraloops we
examined in vivo are essential for the function of E. coli RNase
P. The Kkinetic data in vitro are not in total agreement with
previous phylogenetic predictions but the data in vivo are, as
only mutants in those tetraloops proposed to be involved in
tertiary interactions fail to complement in vivo. Therefore, the
tetraloop motif is critical for the stabilization of the structure
of M1 RNA and essential to RNase P function in the cell.

Escherichia coli RNase P is a ribonucleoprotein enzyme com-
posed of a single RNA (M1 RNA) and a single protein (C5
protein) subunit. Both subunits are essential for RNase P
function in vivo. However, in vitro, M1 RNA alone can catalyze
the hydrolysis of all the known RNA substrates of RNase P (1,
2), including precursor tRNAs (ptRNAs) and precursors to
4.5S and 10Sa RNAs (2).

Phylogenetic studies of ribosomal RNA led to the identifi-
cation of recurring secondary structural motifs such as that of
the tetraloop (loops of 4 nts) at the turn of an RNA duplex that
has, primarily, one of two sequence variations: GNRA or
UNCG (where, N = A, C, Gor U; R = A or G) (3). The
presence of a tetraloop can confer on short model helices an
added thermodynamic stability and therefore one role of a
tetraloop might be to stabilize an RNA duplex in a functional
RNA molecule (4-6). The tetraloop also could serve to
stabilize the tertiary structure of an RNA molecule by making
specific contact(s) with a distal site in the molecule (an
intramolecular interaction) (7-9). Tetraloops also can form
intermolecular interactions, for example, by mediating forma-
tion of an RNA-protein complex (10).

M1 RNA has several tetraloops in its proposed secondary
structure, as do many other RNAs with identifiable function.
Specifically, of the eight loops at the turn of RNA helices in M1
RNA, five are tetraloops (one has the sequence UNCG and
four have the sequence GNRA; see Fig. 1). It is not clear what
function all the tetraloops of M1 RNA serve or whether they
are necessary for RNase P function in vivo. The M1 RNA
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tetraloops could, in principle, () mediate interactions between
M1 RNA and the CS5 protein, (if) mediate the binding of M1
RNA to some or all of its RNA substrates, or (jii) stabilize the
conformation of M1 RNA through intramolecular interaction.
Extensive phylogenetic analysis of RNase P RNA sequences
from eubacteria has led to proposals that three (L9, L12, and
L14; see Fig. 1) of the five tetraloops are involved in intramo-
lecular interactions (11, 12). Such proposals should be directly
relevant to function in vivo, but not necessarily to function in
vitro. In this study, the five tetraloops of M1 RNA have been
altered to investigate their role in RNase P function. We find
that two of the tetraloops are critical for effective processing
of two different substrates in vitro, although the effects differ
in a substrate-dependent manner. Only mutants of the three
tetraloops implicated by phylogenetic analysis in intramolec-
ular interactions display defective phenotypes in vivo.

MATERIALS AND METHODS

Materials. Restriction endonucleases were purchased from
New England Biolabs. DNA oligonucleotides were synthesized
(solid phase) at the W. M. Keck Biotechnology Resource
Laboratory (Yale Univ.). Vent DNA polymerase was pur-
chased from New England Biolabs. T7 RNA polymerase was
purchased from Promega; T7 RNA polymerase for large-scale
RNA preparation for thermal denaturation experiments was a
gift of W. G. Scott (Univ. of California, Santa Cruz). Nucle-
oside triphosphates were purchased from Amersham Pharma-
cia Biotech; DNase I was purchased from Worthington; P-10
(G-25) columns were purchased from Boehringer Mannheim;
[@-3?P]GTP (400 Ci/mmol) was purchased from Amersham
Life Science. Spectra/Por dialysis tubing (molecular weight
cut-off of 2,000) was purchased from VWR Scientific.

Mutagenesis and Preparation of RNA. pJA2', which harbors
the rnpB gene encoding M1 RNA under the control of the
phage T7 RNA polymerase promoter, was digested with
EcoRI and HindlIII to release a fragment with the gene and the
upstream promoter. An EcoRI restriction site was introduced
in the vector pSelect (Promega) upstream of its phage T7
polymerase promoter. This pSelect construct (digested with
EcoRI and HindIIl) and the pJA2’' EcoRI/HindIII fragment
were ligated. The resultant construct (pSelM1) was used as
template for site-directed mutagenesis, according to directions
provided by Promega. Oligonucleotide sequences used to
generate the nine site-directed mutations in rnpB are available
on request. pSelM1, encoding rnpB wild-type or mutation
derivatives thereof, was digested with FokI for run-off tran-
scription in vitro to generate full-length E. coli M1 RNA (377
nts). Plasmids encoding the natural E. coli precursors tRNATY"
(pTyr) and 4.5S RNA (p4.5S) were linearized with Fokl and
Smal, respectively, for run-off transcription in vitro. RNAs
then were prepared as described (13). For RNA used in

Abbreviations: ptRNA, precursor tRNA; p4.5S, precursor 4.5S RNA.
*To whom reprint requests should be addressed. E-mail: sidney.
altman@qm.yale.edu.
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F1G. 1. Proposed Watson-Crick base pairing interactions, indicated by solid lines, and proposed tertiary interactions, indicated by dashed lines,
of the secondary structure and three-dimensional computational model of E. coli M1 RNA (adapted from ref. 17). (4) Secondary structure of E.
coli M1 RNA: broken line in bold demarcates two proposed independent folding domains of the RNA, domains 1 and 2 (19). Five tetraloops are
indicated in color: L3 (pink), L9 (blue), L12 (yellow), L14 (green), and L18 (red) as are their proposed sites of intramolecular interaction (11, 12).
(B) Three-dimensional computational model of E. coli M1 RNA (17). Five tetraloops are indicated in color: L3 (pink), L9 (blue), L12 (yellow),
L14 (green), and L18 (red) as are their proposed sites of intramolecular interaction (11, 12). Nucleotide A89 (orange), and domains 1 (white) and

2 (cyan) are highlighted.

thermal denaturation experiments the transcription reaction
was scaled up to 1.0 ml. The RNA then was treated as described
(13) with the following differences: the RNA was passed
through a P-10 column and after precipitation, was resus-
pended in 100 ul of distilled H,O and then dialyzed against 200
vol of 6 M urea and 1,000 vol of 1X thermal denaturation
buffer (20 mM sodium cacodylate, pH 7.5/400 mM
NH,OAc/1 mM MgOAc).

Substrate RNAs were transcribed in the presence of
[@-3?P]GTP, electrophoresed on a 7 M urea/denaturing poly-
acrylamide gel, eluted from the gel by incubation in 1X elution
buffer [10 mM Tris-HCl, pH 7.5/1 mM EDTA/100 mM
NaCl/0.01% SDS (wt/vol)] at 37°C for 6-8 hr, and then
precipitated.

Assays for RNase P Activity. Before assay, wild-type or
mutant M1 RNA was renatured in 1X buffer A (50 mM
TrissHCl, pH 7.5/100 mM NH4Cl/10 mM MgCly), or, for
assays that included C5 protein, in 1X buffer B [10 mM Hepes,
pH 7.5/400 mM NH4OAc/10 mM MgOAc/5% (vol/vol)
glycerol] by heating the M1 RNA sample at 65°C for 5 min and
then allowing it to cool slowly to room temperature (=2 hr).
The activity of wild-type and mutant M1 RNA was measured
at 37°Cin 1X buffer A supplemented with 90 mM MgCl,. The
activity of the holoenzyme (M1 RNA and C5 protein) also was
measured at 37°C in 1X buffer B. The wild-type and mutant
M1 RNA and substrate were preincubated for 5 min at 37°C,
mixed gently, and placed at 37°C. The time points and the M1
RNA concentrations chosen were selected to obtain measure-
ments in the linear portion of the kinetics of the cleavage
reaction. Aliquots were taken at specified times, mixed with
1X volume 9 M urea/dye [0.05% (wt/vol) bromophenol blue,

0.05% (wt/vol) xylene cyanol ff] to quench the reaction,
vortexed (5 sec), directly loaded and electrophoresed on
denaturing polyacrylamide/7 M urea gels (8% wt/vol). The
gels were visualized by use of a PhosphorImager (Fuji), and the
reactant and product bands were quantified by using a Phos-
phorImager program (MACBAS, version 2.0, Fuji). The velocity
of the reaction then was estimated from the slope of the curve
of substrate cleavage and values for Ky and V.« were deter-
mined from Eadie-Hofstee plots.

Subcloning and Complementation irn Vivo. The most prox-
imal natural promoter of rnpB directs nearly all its transcrip-
tion (14). The plasmid used for complementation studies in
vivo was constructed by digesting pNL3100 (which contains the
rnpB gene under its natural E. coli promoter and terminator)
with EcoRI and SnaBIl to generate a single insert. The
construct pM1P (rnpB upstream of its natural terminator) was
digested with EcoR1/SnaB1, and the vector DNA was isolated.
The pNL3100 EcoR1/SnaBI fragment then was cloned into the
pMI1P EcoR1/SnaBI vector. This generates a construct (here-
after referred to as pComM1) with rnpB under the control of
the most proximal natural E. coli rnpB promoter and with a
short terminator sequence. The mutant constructs were gen-
erated by two rounds of the PCR using the “megaprimer”
method (15) (oligonucleotide sequences used to subclone the
six site-directed mutations in rnpB are available on request).
For complementation, E. coli strain NHY322 (rnpA49), tem-
perature sensitive for RNase P, was transformed with
pComM1 constructs. The temperature-sensitive phenotype is
complemented by expression of M1 RNA from a high-copy
number plasmid (see ref. 16 and references therein). Because
NHY322 harbors the tetracycline (Tet) resistance gene and
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pComM1 harbors the ampicillin (Amp) resistance gene,
pComM1 wild-type and mutant constructs were plated on LB
Tet/Amp and grown at both 30°C and 43°C for 48 hr. The
ability of the mutants to complement rnpA49 was assessed
based on the number of colonies on plates.

Thermal Denaturation Measurements. RNA (=26 ug) was
renatured in 100 ul of 1X thermal denaturation buffer as
described above. The volume then was increased to 1.5 ml
(final concentration, 0.145 uM) by addition of 1X thermal
denaturation buffer. The RNA was placed on ice, and the
denaturation curve was measured within 1 hr. Absorbance at
260 nm was monitored as a function of temperature, which was
increased at a rate of 1.0°C/min from 5°C to 92°C, in a CARY
13 UV-VIS spectrophotometer equipped with a five-cuvette
thermoelectric controller. The wild-type M1 RNA and mu-
tants L14 and L18 were run simultaneously. Three curves were
recorded for each RNA, and a mean of these measurements
was taken. Thermal denaturation curves then were normalized
at 92°C for comparison, and the first derivative was determined
to reveal transitions.

RESULTS

Rationale. Initially, mutants were constructed with the
intention to both maintain an added thermodynamic stability
that the tetraloop might provide to the RNA helix in which it
resides in M1 RNA and to alter the primary sequence and
higher-order structure of the tetraloop that might be important
for intra- or intermolecular interactions (4—6). Thus, the single
UNCG tetraloop (L3) was changed to a GNRA tetraloop and
the four GNRA tetraloops (L4, L12, L14, and L18) to UNCG
tetraloops (see Table 1). After kinetic characterization of the
initial mutants, additional changes were made in certain
tetraloops to examine the role of specific residues in the
stabilization of the structure of the tetraloop and/or their role
in intra- or intermolecular interactions (Table 1). For example,
the L9 loop sequence GAAA, was altered to AAAA
(L9A111m), a change that removes, a priori, the stability
provided by base pairing between G1 and A4 of this tetraloop.
Likewise, in L14A212m, the first nucleotide of the sequence
GUAA was altered to yield a loop sequence of AUAA. In the
mutants L14G214m and L18A316m, the third nucleotide was
changed to a G or A, respectively, which, in each case, still
might participate in an intra- or intermolecular interaction (see
Fig. 1 and Table 1).

Examination of a three-dimensional model of E. coli M1
RNA indicates that the proposed long-range interactions of
tetraloops L9, L14, and L18 are clustered in a region of the
RNA on the opposing side of the substrate binding surface
(ref. 17; see Fig. 1 A and B), i.e., they participate in forming the
foundation of this surface. Guerrier-Takada and Altman (18)
demonstrated that M1 RNA catalytic activity can be recon-
stituted from various fragments or “sequence modules” of its
RNA. A subsequent study further delineated two major fold-

Table 1. Sequences of the five M1 RNA tetraloops and the
mutations made in these tetraloops

Mutant Wild-type sequence Mutant sequence
designation (5' to 3") [nucleotides] (5" to 3")
L3m UUCG [39-42] GAAA
L9m GAAA [111-114] ucce
L9A111m GAAA [111-114] AAAA
L12m GCAA [157-160] uucG
L14m GUAA [212-215] ucce
L14A212m GUAA [212-215] AUAA
L14G214m GUAA [212-215] GUGA
L18m GCGA [314-317] UucG
L18A316m GCGA [314-317] GCAA

Changed nucleotides in loop sequence are in bold and italics.

Proc. Natl. Acad. Sci. USA 96 (1999)

ing domains of the RNA, referred to here as domains 1 and 2
(ref. 19; see Fig. 1 4 and B) that are very similar to the modules
mentioned above. Massire et al. (17) proposed that tetraloops
L9, L14, and L18 stabilize the interaction between domains 1
and 2 and, thus, the whole structure of M1 RNA (Fig. 1 4 and
B).

Catalytic Activity of Wild-Type and Mutant M1 RNA as a
Function of Mg?* Concentration. M1 RNA achieves maximum
activity at a Mg?* concentration of ~100 mM in 1X buffer A
(20). At this Mg?™ concentration tetraloop mutants L3m, [.9m,
and L12m exhibit wild-type activity (Fig. 2B and Table 2). In
contrast, in 100 mM Mg?*, L14m and L18m display, relative to
wild type, 33% and <10% activity, respectively (Table 2).
However, by increasing the Mg?* concentration nearly 2-fold
(190 mM) the differences in activity of L14m and L18m
relative to wild type are lessened to 80% and 48% activity,
respectively. Although L9m and L12m reveal no difference in
activity relative to wild type at 100 mM Mg?*, there is a small
difference at 20 mM Mg?*: the mutants have 66% and 68%
activity, respectively. However, mutants that have this level of
relative catalytic activity in vitro generally behave as wild type
in vivo (21) and so these values of catalytic activity are not
considered to be significantly different from wild type. At 20
mM Mg?*, L14m and L18m are not active in vitro under the
conditions used (Fig. 2 and Table 2). Both at 20 mM and 100
mM Mg?*, L3m exhibits wild-type activity (Table 2).

Enzymatic Activity of Wild-Type and Mutant M1 RNA in
Absence and Presence of C5 Protein with pTyr as Substrate.
L14m and L18m, in the absence of C5 protein in 100 mM
Mg?", exhibit the most significant difference in the kinetics of
all tetraloop mutants relative to the wild-type M1 RNA (Table
3). L14m shows a 20-fold increase in both Ky and k¢, Whereas
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FiG. 2. Enzymatic activity of wild-type (WT) M1 RNA and
tetraloop mutants at 20 mM and 100 mM Mg?*. (4) Activity of
wild-type and tetraloop mutants in 1X buffer A (see Materials and
Methods) that contains 20 mM Mg?". Reaction sampled at 4 and 8 min
for wild type, as well as five tetraloop mutants. Control is an 8-min
sample, under same conditions but in the absence of M1 RNA. (B)
Activity of wild-type and tetraloop mutants M1 RNA in 1X buffer A
that contains 100 mM Mg?*. Reactions sampled at 5 and 10 min. The
precursor tRNADT is indicated as pTyr; the product or mature
tRNADYT is indicated as mTyr; the 5’ leader sequence is indicated as
such.
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Table 2. Enzymatic activity of wild-type M1 RNA and tetraloop
mutants at varying concentrations of Mg?*

[Mg?*], mM

20 375 100 190
WT 1.0 1.0 1.0 1.0
L3m 0.93 ND 1.1 ND
L9m 0.66 ND 1.1 ND
L12m 0.68 ND 12 ND
L14m <0.001 0.15 033 0.8
L18m <0.001 0.002 0.07 0.48

Wild-type (WT) M1 RNA and L3m, L9m, and L12m were assayed
at a concentration of 10 nM; L14m and L18m were assayed at
concentrations of 20 nM and 40 nM, respectively. The pTyr concen-
tration was 100 nM. Values are expressed as a fraction of substrate
cleaved per min for mutant enzyme divided by substrate cleaved per
minute for the WT M1 RNA. ND, not determined.

L18m shows a 15-fold increase in Ky but not a significant
difference in kca, as compared with wild type. The catalytic
efficiency (as judged by the value of kcy/Km) of L14m is not
significantly different from wild type. In contrast, the catalytic
efficiency of L18m is approximately 10-fold less than wild type.
The origin of the observed kinetic defect of L14m is not caused
only by the identity of the first nucleotide of this tetraloop, as
L14A212m does not exhibit as significant a difference in either
Ky or ke relative to wild type as does L14m. The third
nucleotide of loop L18 does not appear to be the only
determinant of the kinetic defect of L18m. However,
L18A316m does exhibit changes in both Ky and ke, and,
therefore, the mutation in third nucleotide in the loop is a
contributing factor to the kinetic defects of L18m.

The addition of C5 protein to assays performed in 10 mM
Mg2" changes the kinetics of L14m and L18m such that they
are not very significantly different from the wild type (Table
3). In the presence of C5 protein in 10 mM Mg?*, as well in its
absence in 100 mM Mg?*, the kinetics of the tetraloop mutants
L3m, L9m, L9A111m, L12m, and L14G214 are not very
different from wild type. L18A316m has a lower Ky and Kcat
relative to wild-type M1 RNA, therefore the ratio of the two
parameters (the catalytic efficiency) is about the same as that
of the wild type.

Enzymatic Activity of Wild-Type and Mutant M1 RNA in
Absence and Presence of C5 Protein, with p4.5S as Substrate.
There are distinct differences in the kinetics of processing of
p4.5S from those with pTyr for the tetraloop mutants in both
the presence and absence of the C5 protein (Table 4). In the

Proc. Natl. Acad. Sci. USA 96 (1999) 11203

Table 4. Kinetic parameters of wild-type M1 RNA and tetraloop
mutants in the presence and absence of C5 protein with E. coli
precursor 4.5S RNA as substrate

RNase P
NH—Rl\IA kcat, kcal/KM,
Vo Km, nM min—! min~nM~!
WT 1.0 375+ 87 63 +13 0.17 = 0.05
L3m 0.9 431 = 210 33+ 13 0.08 £+ 0.05
L9m 1.1 98 = 42 13+ 3 0.13 = 0.03
L12m 0.9 273 = 67 35+ 8 0.13 = 0.01
L14m 2.5 2486 = 550 300 = 88 0.12 £ 0.02
L18m <0.1 87 = 32 6+ 1 0.07 = 0.03

For M1 RNA assays in 100 mM Mg?*, the concentrations of
wild-type (WT) M1 RNA, L3m, L9m, L12m, L14m, and L18m were
0.3 uM; the concentration of p4.5S was 10 uM. V,, % substrate
cleaved/min. For RNase P assays in 10 mM Mg?", M1 RNA WT and
mutants at a concentration of 0.4 nM was mixed with 10-fold excess of
C5 protein (4.0 nM), and incubated 5 min at 37°C; the concentration
of p4.5S was in the range 15 nM to 3.8 uM (7-9 substrate concentra-
tions).

presence of the C5 protein in 10 mM Mg?*, L.9m, which has
wild-type activity with pTyr as substrate, exhibits a decrease in
both Ky and k., relative to wild type with p4.5S as substrate.
Under the same conditions with p4.5S as substrate, L18m, as
well, has a lower Ky and k. relative to wild type. L14m in the
presence of C5 protein exhibits both an increase in Ky and ke,
as was observed in the kinetics of the processing of pTyr in the
absence of C5 protein (Table 4). The kinetic defects of L14m
and L18m also are reflected in initial velocity measurements
made in the absence of C5 protein in 100 mM Mg?* (Table 4).
L18m is not active under these conditions. In contrast, L14m
is highly active, showing an apparent gain in function in the
processing of p4.5S, the opposite of what was found with pTyr
as its substrate. L3m, L9m, and L12m exhibit wild-type-like
activity.

Complementation in Vivo. Enzymatic activity assays at 20
mM Mg?* revealed a small decrease relative to wild type for
L9m and L12m (Table 2). A previous study with several
mutants of M1 RNA had indicated that a small difference in
activity, such as we observe for L9m and L12m, is not
predictive of failure to complement in vivo (21). However, we
observe that L9m is unable to complement a temperature-
sensitive mutant defective in RNase P activity at the nonper-
missive temperature (Table 5). This result shows that the
results of kinetic studies in vitro do not necessarily reflect

Table 3. Kinetic parameters of wild-type M1 RNA and tetraloop mutants in the presence and absence of C5 protein

with the E. coli precursor tRNATY" as substrate

M1 RNA RNase P
kcat/KM7 kcat; kcat/KMa
Ky, nM Keat, min—1 min~luM~! Ky, nM min~! min~!nM~1
WT 45+ 9 0.1 =0.01 22+05 44 + 15 25+ 5 06 =02
L3m 36+ 12 0.12 = 0.01 3 *+1 124 =22 50+ 8 04 *=0.1
L9m 32+ 20 0.17 = 0.03 5 =3 69 = 18 30+ 5 04 *=0.1
L9A111m 94 + 59 0.29 = 0.03 3 x2 124 = 29 43+ 8 03 *=0.1
L12m 100 = 50 0.21 = 0.04 2 *+1 109 + 29 33+ 8 03 *=0.1
L14m 844 + 149 21 04 2.5+0.6 127 = 32 30+ 8 0.24 = 0.08
L14A212m 106 = 27 0.7 =£0.1 7 *£2 147 =23 38+ 5 0.26 = 0.05
L14G214m ND ND ND 49 + 11 23+ 3 05 *=0.1
L18m 679 = 120 0.15 = 0.03 0.2 +0.1 38 £ 10 9+ 1 0.23 = 0.07
L18A316m 212+ 79 09 =03 4 =*2 10+ 4 6+ 11 06 *0.1

For M1 RNA assays in 100 mM Mg?*, the concentrations of wild-type (WT) M1 RNA, L3m, L9m and L12m were 10 nM,
L14m was 20 mM, and L18m was 30 nM; pTyr concentration was in the range of 40 nM to 200 nM (7-9 substrate
concentrations). Substrate concentrations greater than 200 nM result in substrate inhibition of WT M1 RNA activity. For
RNase P assays in 10 mM Mg?*, M1 RNA WT and mutants at a concentration of 0.4 nM was mixed with a 10-fold excess
of CS5 protein (4.0 nM), and incubated 5 min at 37°C. The procedure then followed was as that described (see Materials and
Methods) with the concentration of pTyr in the range of 10 nM to 1.3 uM (6-9 substrate concentrations). ND, not determined.
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Table 5. Results of complementation studies of wild-type (WT)
M1 RNA and tetraloop mutants

pSelM1 Complementation
WT ++++
L3m ++++
L9m -
L9AI11m +
L12m ++++
L14m -
L18m -

The mutants are classified by their ability to complement E. coli
NHY322 A49 at 43°C; ++++, indicates complementation of
NHY322, A49; +, partial complementation; —, does not complement.

functional capability of RNase P in vivo. The G to A change in
the L9 tetraloop (L9A111m) complements inefficiently: it does
allow the growth of about one-fourth the number of colonies
compared with wild-type RNase P at the nonpermissive tem-
perature (43°C; Table 5). L3m and L12m complement in vivo
but neither L14m nor L18m do, all in agreement with the
results of kinetic studies in vitro (Table 5).

Thermal Denaturation Studies. Tetraloop mutants L14m
and L18m were selected for thermal denaturation studies
because of their defects in the processing of both pTyr and
p4.5S. Thermal denaturation of wild-type M1 RNA in 1X
thermal denaturation buffer that contains either 10 mM or 100
mM Mg?" does not reveal certain well-defined transitions that
are observable in 1 mM Mg?* (data not shown). Therefore,
thermal denaturation curves of wild-type M1 RNA and mu-
tants L14m and L18m were recorded in 1 mM Mg?*. We
anticipated that any differences in thermal denaturation would
be accentuated at this low Mg?" concentration because rela-
tively low concentrations of Mg?* can reveal defects in func-
tion in vitro masked at higher concentrations (see Table 2).

It is apparent from the absorbance versus temperature
profiles that a difference exists among wild-type M1 RNA and
L14m and L18m, as well as between the two mutants them-
selves (Fig. 34). The first derivative of the thermal denatur-
ation curve of wild-type M1 RNA exhibits transitions at
~57°C, =77°C, and ~82°C (Fig. 3B). We note that activity of
wild-type M1 RNA reaches a maximum at ~50-55°C (Fig. 3B
Inset), corresponding approximately to a transition at ~57°Cin
the curve of first derivatives of the RNAs. The most pro-
nounced differences from wild type in the first derivative of the
thermal denaturation curves and the mutants are at ~77°C and
~82°C (Fig. 3B).

DISCUSSION

Phylogenetic Predictions. Phylogenetic studies of eubacte-
rial RNase P RNA sequences have been used to identify
covariation of nucleotides distant from each other in sequence
space (11, 12). This has led to predictions of long-range
interactions involving three of the five tetraloops of E. coli M1
RNA: L9 to base pairs 3/371:4/370 of helix P1; L14 to base
pairs 94/108:95/107 of helix P8; and L18 to base pairs 96/
106:97-105 of helix P8 (11, 12). The proposed interactions do
not all involve standard Watson-Crick base pairing, thereby
making it difficult to understand the detailed nature of these
long-range interactions. The three long-range interactions are
clustered in space in helices P8 /P9 of E. coli M1 RNA (see Fig.
1B). The P8 /P9 region of E. coli M1 RNA appears to be highly
dynamic in structure. It undergoes a change in conformation
upon binding of certain substrates and its integrity is important
for the function of the enzyme as determined by the pheno-
types of mutations in this general region (22-24). It is also of
interest that the L.14 tetraloop becomes accessible to chemical
probing as a consequence of a mutation in helix P7 (G89:C240)
(ref. 25, see Fig. 1B). The tertiary interactions in this region of
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FiG. 3. Thermal denaturation profiles of wild-type M1 RNA and
tetraloop mutants L14m and L18m. (4) Thermal denaturation profile
of wild-type M1 RNA (black) and tetraloop mutants L14m (green) and
L18m (red), expressed as normalized absorbance versus temperature.
(B) First derivative of thermal denaturation profiles of wild-type M1
RNA (black) and tetraloop mutants L14m (green) and L18m (red).
Structural transitions are noted at ~57°C, ~77°C, and ~82°C. (Inset)
Activity of wild-type M1 RNA as a function of temperature. To
measure activity as a function of temperature, wild-type M1 RNA (5
nM) and pTyr (100 nM) were incubated at the desired temperature for
5 min, separately, before being mixed in the reaction mixture (see
Materials and Methods).

M1 RNA (helices P7-P9), which is at an interface of the two
major independent folding domains of the RNA, may be highly
cooperative and are undoubtedly complex. For example, ex-
amination of the three-dimensional model of M1 RNA shows
that the base pair G89/C240 in helix P7 can stabilize the site
of interaction in P8 of the L14 tetraloop (ref. 12; see Fig. 1B).

M1 RNA Function in Vitro. Data from studies of enzyme
kinetics, thermal denaturation experiments, and complemen-
tation in vivo led us to propose that the L14 and L18 tetraloops
have a significant role in determining M1 RNA structure and,
consequently, function. The L14 and L18 tetraloop mutants
cleave a ptRNA substrate less efficiently than wild-type M1
RNA in a fashion that varies as a function of Mg?* concen-
tration: the discrepancy with wild-type cleavage ability de-
creases with increasing concentration of Mg?* and is accen-
tuated in low concentrations of Mg?* as one would expect if
the tetraloops play a role in stabilizing the structure of M1
RNA. Furthermore, L14m and L18m do exhibit thermal
denaturation curves different from wild type, most demon-
strably at ~55°C, ~77°C, and ~82°C.

It is apparent from the kinetic data that both the L14 and
L18 tetraloops are important for binding of M1 RNA to a
ptRNA. The L14 and L18 tetraloop mutants both have in-
creases in Ky. Only the L14m has a change in k¢, an increase
in the catalytic rate constant. As the rate-limiting step of the
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reaction of wild-type M1 RNA is product release, an increase
in k¢, could be indicative of a decrease in the affinity of the
enzyme for the product as well, albeit this has not yet been
proved for the mutant. However, only the L18 mutant has an
overall defect in catalytic efficiency, as a consequence of a
structural perturbation that affects ptRNA binding. Consistent
with our observations regarding the role of L18, lead ion
probing experiments show that the fourth base of the L18
tetraloop is important for maintaining E. coli M1 RNA
structure (26). In addition, modifications in this tetraloop and
in the proposed site of its intramolecular interaction (the P8
helix) disrupt tRNA binding (26).

The L14 and L18 tetraloop mutants have totally different
effects with p4.5S as substrate as compared with those with
pTyr as substrate. L14m with p4.5S as substrate in the presence
of C5 protein exhibits the same changes in Ky and k¢, as it does
with a ptRNA as substrate. However, similar changes are
observed for the ptRNA substrate in the absence of C5 protein.
C5 protein cannot compensate for the effect of this tetraloop
mutation on the kinetic parameters of M1 RNA with p4.5S.
L18m also differs in the kinetics of cleavage with p4.5S as
compared with pTyr in the presence of C5 protein (Table 4).
With L18m, there is a decrease in Ky and a decrease in ¢y in
the processing of p4.5S. The L18m holoenzyme forms a
“tighter” complex with p4.5S than does wild-type RNase P.

M1 RNA, lacking nucleotides 94-204, is unable to catalyze
the hydrolysis of pTyr but it does cleave p4.5S when it is part
of the holoenzyme complex (19). Obviously, nucleotides 94—
204 are part of a domain of M1 RNA that is critical in the
processing of ptRNA. All the tertiary interactions discussed
above are disrupted in the large deletion mutant. However,
disruption of the putative interaction of L14 with P8 alone, an
interaction that, a priori, is important for stabilizing the
domain encompassing nucleotides 94-204, increases the ob-
served rate of processing of p4.5S but decreases the rate of
processing of the ptRNA. These data, together, appear to
suggest that disrupting the presumptive “L14/P8” interaction
or the connection of domain 1 with domain 2 alters the
structure of M1 RNA in a way that enables the enzyme to
enhance cleavage of a p4.5S-like substrate, as determined
previously (18).

Holoenzyme Function in Vitro and in Vivo. A significant test
of the importance of a given structural motif in M1 RNA would
be to assess its necessity for the function of the enzyme both
in vivo and in vitro. The comparison also would be a test of the
validity of predictions based on phylogenetic analysis. Pheno-
types of mutations, including tetraloop mutations, in M1 RNA
that have a deleterious effect on its activity can be “overcome”
by C5 protein in vitro (21). The kinetic data for M1 RNA alone
in vitro do suggest that the L14 and L18 tetraloops are
important for function of M1 RNA and the implications for
these mutants in vivo are confirmed by complementation tests.
The L3, L9, and L12 mutants show no significant diminishment
of function in vitro. However, L9m cannot complement a strain
thermosensitive in RNase P function in vivo. Therefore, there
is a discordance in this case between function in vitro and in
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vivo. The mutants (L9m, L14m, and L18m) that exhibit defects
in vivo are exactly those predicted by phylogenetic analysis to
be involved in tertiary interactions (11, 12).
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