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ABSTRACT: The RNA component of bacterial ribonuclease P (RNase P) binds to substrate pre-tRNAs
with high affinity and catalyzes site-specific phosphodiester bond hydrolysis to generate the mature tRNA
5′ end. Herein we describe the use of biotinylated pre-tRNA substrates to isolate RNase P ribozyme-
substrate complexes for nucleotide analogue interference mapping of ribozyme base functional groups
involved in substrate recognition. By using a series of adenosine base analogues tagged with
phosphorothioate substitutions, we identify specific chemical groups involved in substrate binding. Only
10 adenosines in theEscherichia coliribozyme show significant sensitivity to interference: A65, A66,
A136, A232-234, A248, A249, A334, and A347. Most of these adenosine positions are universally
conserved among all bacterial RNase P RNAs; however, not all conserved adenosines are sensitive to
analogue substitution. Importantly, all but one of the sensitive nucleotides are located at positions of
intermolecular cross-linking between the ribozyme and the substrate. One site of interference that did not
correlate with available structural data involved A136 in J11/12. To confirm the generality of the results,
we repeated the interference analysis of J11/12 in theBacillus subtilisRNase P ribozyme, which differs
significantly in overall secondary structure. Notably, theB. subtilisribozyme shows an identical interference
pattern at the position (A191) that is homologous to A136. Furthermore, mutation of A136 in theE. coli
ribozyme gives rise to a measurable increase in the equilibrium binding constant for the ribozyme-substrate
interaction, while mutation of a nearby conserved nucleotide (A132) that is not sensitive to analogue
incorporation does not. These results strongly support direct participation of nucleotides in the P4, P11,
J5/15, and J18/2 regions of ribozyme structure in pre-tRNA binding and implicate an additional region,
J11/12, as involved in substrate recognition. In aggregate, the interference results provide a detailed chemical
picture of how the conserved nucleotides adjacent to the pre-tRNA substrate contribute to substrate binding
and provide a framework for subsequent identification of the specific roles of these chemical groups in
substrate recognition.

Ribonuclease P is a widespread tRNA-processing endo-
nuclease that catalyzes formation of the mature tRNA 5′ end.
RNase P enzymes generally are ribonucleoproteins, and the
RNA subunits spanning all three phylogenetic domains share
significant sequence and structural homology (1, 2). Bacterial
RNase P is a heterodimer composed of a single large RNA
subunit (ca. 400 nucleotides) and a smaller protein subunit
(ca. 100 amino acids). The RNA alone can catalyze the
cleavage reaction in vitro in the presence of divalent metal
ions; thus, bacterial RNase P RNAs form one class of RNA
enzymes, or ribozymes (3; reviewed in4).

Substrate recognition is an essential component of enzyme
function. RNase P ribozymes bind substrate pre-tRNA with
high affinity as reflected in a dissociation constant of 35-
100 nM (e.g., refs5 and 6). Significant effort has been
invested in defining tRNA sequences and structures required
for recognition by the ribozyme. Deletion and chemical-
protection experiments show that most of the determinants
required for tRNA 5′ end formation by RNase P are located
in the acceptor stem and the T-stem and loop (e.g., refs
7-10). Mutagenesis and chemical interference studies identi-
fied substrate nucleotides and functional groups in this region
that are important for binding (12-15), including 2′ hydroxyl
groups at positions 53, 54, 61, and 62 (16) and phosphate
oxygens at positions 56, 59, and 61 (12). tRNA nucleotide
bases recognized by RNase P RNA include the 3′ CCA
sequence (10), the G1-C72 base pair at the cleavage site (11),
and cytosine N4 of the C56-G19 pairing between the T- and
D-loops (16). However, in many cases, the specific interac-
tions in which these functional groups participate remain to
be defined.
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Two specific contacts between the ribozyme and substrate
RNAs have been identified. First, the internal bulge adjacent
to helix P15 (nomenclature from ref17; see Figure 1) in
RNase P RNA is the binding site for the 3′-terminal pre-
tRNA CCA sequence (10, 18, 19). Part of the CCA docking
interaction involves pairing between the pre-tRNA C residues
at positions+74 and+75 and nucleotides G292 and G293
in Escherichia coliRNase P RNA (10). A second ribozyme-
substrate interaction detected by Pan and co-workers involves
hydrogen bonding between the 2′ hydroxyl at tRNA position
60 and N1 of A230 inBacillus subtilisRNase P RNA (15,
16).

Additional sites of contact between the ribozyme and
substrate have been implicated by positioning photoaffinity
cross-linking reagents at specific sites in both the ribozyme
and substrate. Intermolecular cross-linking indicates that J5/
15 and J18/2 are in close proximity to the acceptor stem
and the 5′ leader sequence of the pre-tRNA substrate (Figure
1; 20-22, 44). However, specific contacts between J18/2
or J5/15 and the substrate have not been defined. Also,
photoagents at positions 52 and 64 in the T-stem of tRNA
detect nucleotides in P9 and P11 of the ribozyme (23), and
several nucleotides in P9 and P11 are protected from
chemical modification by substrate or, when mutated, result
in decreased affinity for pre-tRNA (16, 18). Thus, an
important goal is identification of specific essential functional

groups in J5/15, J18/2, P9, and P11 and characterization of
the interactions of these moieties with pre-tRNA.

Nucleotide analogue interference mapping (NAIM) utilizes
specific nucleotide analogues for modification-interference
to identify functional groups essential for RNA activity (24).
Nucleotide analogues that contain alterations of single
functional groups are covalently tagged with a 5′ phospho-
rothioate linkage and randomly incorporated into RNAs by
in vitro transcription. The RNAs are then separated into
active and inactive populations on the basis of their ability
to perform a specific function. Positions of analogue
incorporation are determined by chemical cleavage at the
phosphorothioate linkage (25). Interference by analogue
incorporation at a specific nucleotide results in underrepre-
sentation of modification at that site in the active population.
This approach has been used to define the chemical basis
for nucleotide sequence conservation in the group I intron
(26) and to define how the substrate is docked into the active
site of that catalytic RNA (27). The same approach could
be used to identify the tertiary interactions responsible for
substrate binding in the RNase P ribozyme.

Modification-interference approaches rely on the ability
to separate active from inactive molecules in mixed popula-
tions of modified RNAs. Native RNase P RNA, unlike other
ribozymes, reacts in an intermolecular fashion. Hartmann and
colleagues have used a gel-mobility shift approach to separate

FIGURE 1: Secondary structure of (A)E. coli RNase P RNA and (B)B. subtilisRNase P RNA. Helices are numbered from the 5′ end and
given the designation P (paired). Regions joining helices are given the designation J (joining) and numbered according to the helices that
they connect [i.e., J3/4 connects helices P3 and P4 (17)]. Nucleotides forming helices P4 and P6 are indicated with brackets. Regions of
the secondary structure referred to in the text are boxed. The position of the 5′ end of the Ec165 circularly permuted ribozyme is highlighted.
Adenosine positions sensitive to analogue incorporation are shown in black boxes.
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enzyme-product complexes from free enzyme in order to
identify phosphate and 2′-hydroxyl groups in the ribozyme
that, when modified with 2′-deoxy or phosphorothioate
derivatives, interfere with substrate binding (28, 29). Sensi-
tive backbone positions are distributed throughout the
ribozyme in both conserved and phylogenetically variable
regions. A number of sites sensitive to phosphorothioate and
deoxyphosphorothioate substitution are located in known
elements of tertiary structure (e.g., GNRA tetraloop interac-
tions) and thus indicate areas where functional group
modification had an indirect effect on substrate binding.
Although interference due to structural perturbation is of
significant interest, this phenomenon complicates interpreta-
tion of the results with respect to identification of individual
contact points between the ribozyme and substrate.

To build upon the previous interference analysis, we
developed an interference system that could suppress effects
due to minor structural perturbation and also permit selection
under a broad range of reaction conditions and ribozyme-
substrate concentrations. We find that RNase P ribozymes
bind to biotinylated pre-tRNA substrates immobilized on
streptavidin-agarose beads with an equilibrium binding
constant that is similar to that for the native ribozyme and
substrate in vitro. This system was applied in NAIM analysis
to identify individual adenosine functional groups that are
involved in substrate binding. Nucleotides sensitive to
analogue incorporation are largely located at nucleotide
positions conserved in bacterial RNase P RNAs, and a subset
are conserved among RNase P RNAs from all three phylo-
genetic domains. Further investigation of one of the sensitive
adenosine nucleotides demonstrates the generality of the
interference results for bacterial RNase P ribozymes and the
relevance of the interference data for ribozyme function.

MATERIALS AND METHODS

Preparation of RNA.RNase P RNAs fromE. coli andB.
subtilisand pre-tRNAAsp from B. subtiliswere generated by
in vitro transcription from linearized plasmid DNA templates
with T7 RNA polymerase.E. coli RNase P RNA was
transcribed from pDW98 digested with the restriction enzyme
SnaBI, B. subtilis RNase P RNA was transcribed from
pDW66 digested withDraI, and pre-tRNAAsp was transcribed
from pDW152 digested withBstNI. All three plasmids were
generous gifts from the laboratory of Dr. Norman R. Pace.
RNA transcription reactions were generally performed at a
volume of 100µL and contained 1 mM NTPs, 40 mM Tris-
HCl, pH 7.9, 6 mM magnesium chloride, 2 mM spermidine,
and 10 mM dithiothreitol and were incubated at 37°C for
10-14 h. To facilitate subsequent 5′ end-labeling, guanosine
was included in transcription reactions at a concentration of
5 mM. For uniform labeling of the RNA, 20µL transcription
reactions were carried out essentially as described above,
but they contained 50µCi of [R-32P]GTP [300 Ci/mmol
(NEN)]. To generate biotinylated pre-tRNA, bio-11-UTP
[5-[N-(N-biotinyl-ε-aminocaproyl)-3-aminoallyl]uridine 5′-
triphosphate (Sigma)] was included in the transcription
reaction at a concentration of 0.5 mM and the unmodified
UTP concentration was maintained at 1 mM. Reactions were
terminated by dilution to 200µL with 10 mM Tris-HCl, pH
8.0, and 1 mM EDTA and addition of sodium acetate to 0.3
M followed by extraction with phenol and chloroform. The
resulting RNA products were ethanol-precipitated and puri-

fied by polyacrylamide gel electrophoresis. Full-length RNA
products were visualized by UV shadowing and the RNA
bands were excised from the gel. RNAs were eluted by
incubating the gel slice in 4 volumes of 40 mM Tris-HCl,
pH 8.0, 1 mM EDTA, 0.3 M sodium acetate, and 0.1%
sodium dodecyl sulfate for 4-12 h. Eluted RNAs were
extracted with phenol and chloroform and recovered by
ethanol precipitation. The amount of RNA obtained was
determined by measuring absorbance at 260 nm.

The 5′-O-(1-thio)nucleoside triphosphate derivatives of
2,6-diaminopurine riboside (DAPRS), 2-aminopurine riboside
(2APRS), purine riboside (PurRS), N6-methyladenosine
(NMeARS), andN7-deazaadenosine (7dARS) were synthesized
as described (24, 26). Incorporation of the analogues into
RNase P RNA at a level of approximately 5% by in vitro
transcription was achieved by normalizing the amount of
observed iodine cleavage of end-labeled transcription prod-
ucts to that of adenosine phosphorothioate-modified controls
(by using 50µM SP-ATPRS). The following nucleotide
concentrations were found to be optimal for analogue
incorporation intoE. coli andB. subtilisRNase P RNAs by
in vitro transcription: 0.1 mM DAPRS and 1 mM ATP; 0.25
mM 2APRS and 1 mM ATP; 0.25 mM PurRS and 1 mM
ATP; 0.25 mM NMeARS and 0.5 mM ATP; or 0.25 mM
7dARS and 0.5 mM ATP.

Isolation of E-S Complexes Using Biotinylated Pre-tRNA.
For separation of E-S complexes from unbound ribozyme,
up to 3µg of guanosine-primed RNase P RNA was 5′ end-
labeled with T4 polynucleotide kinase in a 20µL reaction
containing 20 mM Tris-HCl, pH 7.5, 5 mM magnesium
chloride, 1 mM dithiothreitol, 100 mM sodium chloride, and
250 µCi of [γ-32P]ATP [6000Ci/mmol (NEN)]. Labeled
RNAs were gel-purified and recovered by ethanol precipita-
tion. RNAs were renatured by incubation at 65°C for 90 s
followed by incubation at 37°C for 15 min. Biotinylated
substrate pre-tRNA in 10 mM Tris-HCl, pH 8.0, and 1 mM
EDTA was added after renaturation to concentrations from
1 nM to 1.5µM. The substrate and ribozyme RNAs were
incubated together for 5 min at 37°C in binding reaction
buffer (1 M ammonium acetate, 40 mM Tris-HCl, pH 8.0,
25 mM calcium chloride, and 0.01% NP-40) before addition
to preblocked streptavidin-agarose beads (Sigma). No
increase in the bound fraction was detected when binding
reactions were incubated for times longer than 5 min,
indicating that the reactions had come to equilibrium (data
not shown). Nonspecific binding sites in the beads were
blocked by incubating 50µL of beads with 400µL of a
solution containing 25µg/mL glycogen, 20µg/mL BSA, 10
µg/mL poly(A) RNA, 50 mM Tris-HCl, pH 8.0, 100 mM
sodium chloride, and 0.01% NP-40. Beads were then washed
twice with 400µL of 50 mM Tris-HCl, pH 8.0, 100 mM
sodium chloride, 0.01% NP-40, and twice with 400µL of 1
M ammonium acetate, 40 mM Tris-HCl, pH 8.0, 25 mM
calcium chloride, and 0.01% NP-40. Ribozyme-substrate
binding reactions were incubated with preblocked beads for
2 min at room temperature. Beads were pelleted by brief
(ca. 7 s) centrifugation. The resulting free ribozyme in the
supernatant was recovered by ethanol precipitation. The
beads were washed two times with 200µL of binding assay
buffer for 10 s. Longer wash times significantly reduced the
amount of ribozyme recovered (data not shown). The bound
material was eluted by incubating the beads for 10 min at
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85 °C in 200µL of 40 mM Tris-HCl, pH 8.0, 1 mM EDTA,
0.3 M sodium acetate, and 0.1% sodium dodecyl sulfate.
RNAs in the bound and unbound fractions were recovered
by phenol extraction and ethanol precipitation. Dissociation
constants (Kd) were measured by binding uniformly radio-
labeled RNase P RNA at concentrations 5-10-fold below
the concentration of substrate to the immobilized biotinylated
pre-tRNA and measuring the fraction bound by scintillation
counting. These data were fit to (30)

where [E-S] is the amount of radioactivity recovered in the
bound fraction, [E-S]∞ is the maximal amount of bound
radioactivity recovered, and [S] is the concentration of
biotinylated substrate in the binding reaction.

Single TurnoVer and Binding Kinetics.The apparent
cleavage rate (kapp) for a single-turnover reaction under
conditions of excess enzyme ([E]/[S]> 5) was performed
at pH 6.0 in order to suppress the cleavage rate so that time
points could be collected manually (31). RNase P RNA and
uniformly labeled pre-tRNAAsp were incubated separately in
1 M sodium chloride and 40 mM PIPES, pH 6.0, and heated
to 95 °C for 1 min, followed by addition of magnesium
chloride to 25 mM and further incubation at 37°C for 15
min. Reactions (20µL) were initiated by mixing ribozyme
and substrate and incubated at 37°C. Aliquots (2µL) of the
reaction were taken at times ranging from 6 s to 20 min and
cleavage was terminated by addition of EDTA to 100 mM.
Reaction products were resolved on 6% polyacrylamide gels
containing 7 M urea, and the conversion to product was
measured with a Molecular Dynamics Phosphorimager and
ImageQuant software. Reaction rates were obtained by
plotting the fraction of substrate cleaved versus time and
fitting the data to a single-exponential function (5):

where [P] is the amount of product measured, [S]total is the
total amount of substrate added to the reaction,A is the
maximal extent of the reaction,B is the amplitude of the
exponential,k is the observed cleavage rate, andt is the time
of incubation. To calculate the cleavage rate at saturating
enzyme concentrations, the rates determined from eq 2 were
plotted as a function of the ribozyme concentration and the
data were fit to (30)

wherekobs is the cleavage rate obtained from eq 2 observed
at enzyme concentration [E],kapp is the cleavage rate at
saturating enzyme concentration, andKm is equivalent to the
Michaelis-Menten constant.

The dissociation constants for native and mutant RNase
P RNAs were also determined by gel filtration as described
previously (5, 44). Chromatography on Sephadex G-75
(Pharmacia) was used to measure the fraction of substrate
bound to enzyme since free pre-tRNA can partition between
the included and excluded volumes, while the enzyme-
substrate complexes are excluded and so elute in the void
volume. RNase P RNA and uniformly radiolabeled pre-tRNA
were renatured separately in 1 M ammonium acetate, 50 mM

Tris-HCl, pH 8.0, 25 mM calcium chloride, and 0.01% NP-
40 by incubation at 65°C for 90 s followed by incubation
at 37°C for 30 min. Ribozyme and substrate were combined
and incubated together at 37°C for 5 min before addition to
disposable chromatography columns [Bio-Spin (Bio-Rad)]
containing approximately 0.6 mL of packed G-75 resin
equilibrated in 1 M ammonium acetate, 50 mM Tris-HCl,
pH 8.0, 25 mM calcium chloride, and 0.01% NP-40.
Columns were centrifuged for 2 min at 2500g. Ribozyme-
substrate complexes in the flowthrough were recovered and
the fraction of radiolabeled substrate bound was determined
by Cerenkov counting. To determineKd, the amount of bound
substrate was plotted as a function of ribozyme concentration
and the data were fit to a variation of eq 1:

where [E-S] is the amount of radioactivity recovered in the
bound fraction, [E-S]∞ is the maximum amount of radio-
activity recovered at the highest ribozyme concentrations,
and [E] is the concentration of ribozyme in the binding
reaction.

NAIM Analysis.For analysis of the positions of analogue
incorporation, the bound and unbound RNAs were recovered
by ethanol precipitation, washed with 70% ethanol, and
resuspended at ca. 50 000 cpm/µL in 10 mM Tris-HCl, pH
8.0, and 0.5 mM EDTA. I2 was used to cleave end-labeled
RNAs at sites of phosphorothioate modification (25). Ap-
proximately 100 000 cpm of labeled RNA in 2µL was
combined with 2µL of a 1:500 dilution in water of 0.1 M
iodine in ethanol for a final concentration of 0.1 mM I2.
Following an incubation at 95°C for 2 min, 4 µL of a
solution containing 80% formamide, 0.05% bromophenol
blue, and 0.05% xylene cyanol was added, and the 95°C
incubation was continued for an additional 2 min. A 1-2
µL aliquot of the sample was loaded on 6% or 10%
denaturing acrylamide gels containing 7 M urea.

Intensities of bands corresponding to adenosine phospho-
rothioate (ARS) modification and nucleotide analogue (δRS)
modification for each position in the bound and free
populations were quantified with a Molecular Dynamics
Phosphorimager and ImageQuant software. The extent of
interference (I) for each position, normalized for phospho-
rothioate effects and variability in analogue incorporation,
was calculated by using these values in (26)

The normalized interference values (κ) were obtained by
dividing each individual interference value by the average
interference value for each position within 2 standard
deviations of the mean. This operation normalizes all
interference data to a scale whereκ ) 1 indicates no
interference, values greater than 1 indicate interference, and
values lower than 1 indicate enhancement of activity due to
analogue incorporation. The normalized interference values
presented in Figure 5 and referred to in the text are averages
from three independent experiments; standard errors were
less than 30%. Because of this value, significant interferences
referred to in the text were determined to give aκ value of
2 or greater. Due to almost complete loss of signal for the

[E-S]/[E-S]∞ ) 1/(1 + (Kd/[E])) (1b)

I )
(δRS free/δRS bound)

(ARS free/ARS bound)
(4)

[E-S] /[E-S]∞ ) 1/(1 + (Kd/[S])) (1a)

[P]/[S]total ) A - Be-kt (2)

kobs) kapp/(1 + (Km/[E])) (3)
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strongest interferences, a value of 6 was set as the highest
measurableκ value.

RESULTS AND DISCUSSION

Isolation of Ribozyme-Substrate Complexes.Detailed
analysis of the ground-state binding interaction between
RNase P RNA and pre-tRNA requires the ability to separate
bound from unbound ribozyme prior to phosphodiester bond
cleavage. For optimal folding and catalytic function, RNase
P RNA utilizes magnesium; however, calcium can substitute
for magnesium in the in vitro reaction. RNase P ribozymes
folded in the presence of calcium have essentially the same
three-dimensional structure as those folded in the presence
of magnesium as assessed by intramolecular cross-linking
(21-23, 32). The ribozyme retains the ability to bind to
substrate pre-tRNA with nearly the sameKd as in the
presence of magnesium (33); importantly, however, the rate
of pre-tRNA cleavage is significantly slower (ca. 104-fold).

To isolate enzyme-substrate complexes formed in the
presence of calcium, we affinity-selected bound ribozyme
on streptavidin-agarose beads by using a population of
biotinylated substrates. Ribozyme was incubated together
with biotinylated substrate pre-tRNA in solution, and ri-
bozymes bound to substrate were separated from free
ribozyme by incubation of the complexes with streptavidin-
agarose beads followed by centrifugation. Figure 2A shows
the recovery of radiolabeled RNase P RNA on streptavidin-
agarose beads in the presence of either biotinylated or
nonbiotinylated pre-tRNA. In this experiment, 25 nM ra-
diolabeledE. coli RNase P RNA was incubated together with
400 nM biotinylated or nonbiotinylated pre-tRNA. This
concentration of pre-tRNA was found to be saturating (see
below; Figure 2B). After incubation at 37°C for 5 min, the
reaction was mixed with a small aliquot (30µL) of
streptavidin-agarose beads. The beads were recovered by a
brief centrifugation and washed twice with binding reaction
buffer, and the amount of radiolabeled ribozyme in the bound
and free fractions was determined by Cerenkov counting.
As anticipated, only a small fraction (<5%) of the radiola-
beled RNase P RNA was recovered with the beads in the
absence of pre-tRNA (data not shown) or when nonbioti-
nylated pre-tRNA was used (Figure 2A). In contrast, a
significant fraction (ca. 50%) of the ribozyme was recovered
with the beads when biotinylated pre-tRNA was used. These
data indicate that ribozymes bound to pre-tRNA can be
isolated from the free ribozyme population by virtue of their
interaction with the biotinylated pre-tRNA substrate.

To characterize the interaction between RNase P RNA and
biotinylated pre-tRNA, the amount of ribozyme recovered
with the beads was determined as a function of biotinylated
pre-tRNA concentration. Importantly, the fraction of bioti-
nylated pre-tRNA recovered with the beads, approximately
80%, remains constant over a broad range of concentrations
(1 nM-5 µM) (Figure 2B and data not shown). Figure 2B
shows that increasing amounts of RNase P ribozyme are
recovered in the bound fraction with increasing concentra-
tions of biotinylated pre-tRNA. By fitting the data to a simple
binding isotherm, an apparentKd of 37 nM is obtained, which
is in good agreement with the equilibrium binding constant
for tRNA in the presence of calcium of 40 nM determined
by gel-filtration chromatography as described in Materials
and Methods (Table 1).

In addition, a circularly permuted RNase P RNA was also
tested. Use of this ribozyme in subsequent interference
analysis allowed mapping of 5′-end-labeled cleavage prod-
ucts close to the 3′ end of the native sequence (see below).
The Ec165 circularly permuted RNase P RNA maintains the
nativeE. coli RNase P RNA sequence but has the native 5′
and 3′ ends joined by a short oligonucleotide linker. The 5′
terminus of Ec165 RNA is located at G165, while the 3′

FIGURE 2: Binding of RNase P ribozyme to biotinylated pre-tRNA.
(A) Recovery of P ribozyme on streptavidin-agarose beads in the
presence of nonbiotinylated pre-tRNA (black columns) or biotiny-
lated pre-tRNA (gray columns). The fraction of total radioactively
labeled P ribozyme recovered in the bound (E-S), unbound (E),
and wash fractions is shown. The biotinylated pre-tRNA concentra-
tion was 400 nM and radiolabeled ribozyme concentration was 25
nM. (B) Dependence of P ribozyme binding on pre-tRNA concen-
tration. The fraction of the total radiolabeled pre-tRNA bound to
streptavidin-agaroase beads at different concentrations of pre-tRNA
is indicated by]. The fraction of radiolabeled RNase P RNA (O),
or Ec165 RNA (2) recovered with the streptavidin-agarose beads
is shown as a function of pre-tRNA concentration. Lines represent
a fit of the data to eq 1a.

Table 1: Kinetic Parameters for Native and MutantE. coli RNase P
Ribozymes

Kd (nM)
(gel filtrationa)

Kd (nM)
(bio-pre-tRNAa)

kapp (min-1)
(single turnoverb)

P RNA 39.8( 8.7 35.6( 6.0 1.9( 0.3
Ec165 52.2( 9.5 45.5( 2.9 2.5( 0.2
A136G 184.2( 42.8 1.5( 0.3
A132G 65.3( 7.8 2.3( 0.2

a 1 M ammonium acetate, 40 mM Tris-HCl, pH 8.0, and 25 mM
CaCl2. b 1 M ammonium acetate, 40 mM PIPES, pH 6.0, and 25 mM
MgCl2.
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end is at G164. Figure 2B demonstrates that this ribozyme
binds to the biotinylated substrate in a fashion nearly identical
to the native ribozyme. For the Ec165 ribozyme, aKd of 45
nM was measured for binding to the biotinylated substrate,
while a value of 52 nM was measured by gel filtration (Table
1). Furthermore, cleavage of bound substrates by the Ec165
ribozyme occurred at a rate identical to that of the native
ribozyme (ca. 2.2 min-1) (Table 1). Taken together, these
data indicate that few, if any, of the native binding contacts
are disrupted in the complex of Ec165 and pre-tRNA. These
data also demonstrate that both RNase P ribozymes bind to
the biotinylated pre-tRNA substrate with an affinity that is
essentially the same as for unmodified pre-tRNA.

The ability to separate ribozyme-substrate complexes
allows NAIM to be used to identify ribozyme functional
groups involved in substrate recognition. 5′-End-labeled
ribozymes randomly substituted with a low level of phos-
phorothioate-tagged analogue were bound to the population
of biotinylated substrates, and the ribozymes competent to
bind substrate were isolated by their association with the
agarose beads. Bound (E-S) and free ribozymes (E) were
recovered and cleaved with iodine at positions of analogue
incorporation (25). Comparison of the patterns of chemical
modification in the E-S and E fractions reveals those
nucleotides that, when modified, interfere with the ability
of the ribozyme to bind substrate. To identify potential
contact points with the substrate, the binding reactions were
carried out at high (1 M) monovalent salt concentrations,
which can suppress kinetic defects due to structural distortion
(21, 32, 34).

For initial analysis of ribozyme functional groups, we
employed the series of adenosine analogues shown in Figure
3. This collection of reagents is useful for surveying the
maximal number of conserved RNase P nucleotides; almost
40% (24 out of 61) of the conserved nucleotides in RNase
P RNA are adenosine. Also, these analogues identify
interference effects due to modification in both the major-
and minor-groove faces of the adenine base. Three analogues
probe the N6 position:NMeARS, 2APRS, and PurRS. PurRS
and 2APRS both lack the adenosine N6 amine, whileNMeARS
has one of the N6 amine hydrogens replaced by a methyl

group. DAPRS and 2APRS have an additional amine group
at the 2-position of the purine ring and so examine the
tolerance of an additional functional group on the minor-
groove edge of the base. The N2 exocyclic amine is only
present on G; thus, sensitivity to these reagents identifies
positions where an A to G mutation could disrupt function
by addition of an N2 amine. 7dARS has a carbon atom in
place of N7 and thus eliminates a potential hydrogen-bond
acceptor in the major groove. Previously, it has been shown
that these analogues are all incorporated accurately and
efficiently into the group I ribozyme fromTetrahymena(26).
Iodine cleavage of 5′-end-labeled RNA demonstrates that
these analogues are also incorporated exclusively at A
positions in both theE. coli and B. subtilis RNase P
ribozymes (Figures 4 and 7 and data not shown).

Nucleotide Base Functional Groups in Helix P4 Are
Important for both Substrate Binding and Catalysis.Helix
P4 is a core element of secondary structure that includes
several universally conserved nucleotides. Chemical modi-
fication of backbone positions in P4, including A67, G68,
U69, and A351, disrupts both substrate binding and catalytic
function (28, 29, 36). Consistent with the previous analyses,
we detect a strong phosphorothioate interference 5′ to A67
(Figure 4A). Because all of the analogues used in this study
are phosphorothioate derivatives, interference is also detected
at A67 with all five of the analogues. In contrast, interfer-
ences at A65 and A66 detected with the analogue phospho-
rothioates are attributed solely to analogue-specific functional
group modification. To quantify individual interference
effects, the results were normalized to the phosphorothioate
interference effect for each position, as well as for differences
in analogue incorporation as described in Materials and
Methods. The resulting normalized interference value (κ) for
each adenosine position in theE. coli RNase P RNA
ribozyme is reported in Figure 5. A value of 1 indicates no
interference, while values greater than 1 reflect interference
due to analogue incorporation.

Interestingly, differences in the pattern of analogue
sensitivity are detected at the adjacent conserved adenosines
A65 and A66 in helix P4. Incorporation of DAPRS does
not result in interference at A66 or A65, indicating that both

FIGURE 3: Adenosine nucleoside analogues used for interference mapping. Functional groups that are modified relative to adenosine are
boxed. The abbreviations used in the text and in Figures 4 and 7 are shown in parentheses.
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nucleotides can accommodate an additional amine in the
minor groove at the 2-position. In contrast, both A65 and
A66 are highly sensitive (κ g 4) to substitution with 2APRS
and PurRS, demonstrating that removal of the N6 amine on
the major-groove edge of either A66 or A65 interferes
strongly with substrate binding. These two N6 amines are
not functionally equivalent, however, since methylation of
the N6 amine on A66 results in interference (κ ≈ 2.5),

whereas the same modification at A65 does not (Figures 4A
and 5). The roles of these two conserved nucleotides are
further distinguished by their differential sensitivity to
7dARS. A significant level of sensitivity is detected for
incorporation of 7dARS at A65 (κ ) 6), while A66 is less
sensitive to this reagent (κ ≈ 2).

Previously, Kazantsev and Pace detected 7dARS interfer-
ence at A65 in P4 by using self-cleavage of a tethered
ribozyme-substrate conjugate for interference analysis (35).
In their analysis, the interference effect at A65 was amelio-
rated when the self-cleavage selection was performed under
conditions where phosphodiester bond cleavage was rate-
limiting. This suggests that the interference effect was
manifested at a step in the RNase P RNA-catalyzed cleavage
reaction distinct from phosphodiester bond hydrolysis. Our
observation that the 7dARS incorporation at A65 interferes
with ground-state substrate binding is consistent with the
hypothesis that N7 of A65 functions at an early step in the
reaction pathway, such as formation of an interaction with
the substrate.

These results demonstrate involvement of P4 base func-
tional groups in substrate binding, highlighting the impor-
tance of this universally conserved structural element. The
lack of sensitivity to DAPRS at A66, in contrast to the
sensitivity of this nucleotide to deletion or modification of
the N6 amine, is consistent with previous arguments that
the major groove of P4 is the functionally relevant portion
of this helix (36). This idea is further supported by the cluster
of phosphate oxygens that are important for both substrate
binding and catalysis at the base of P4, since these groups
face the major-groove side of A-form RNA helices. The
clustering of conserved nucleotides, as well as backbone and
base functional groups important for both substrate binding
and catalysis, is consistent with the proposal that helix P4
forms a portion of the active site of RNase P RNA (36, 37,
38).

Figure 4B shows the interference pattern in J2/4, which
forms a long junction between P1-3 and P4; the specific
role of this element of RNase P RNA structure is only poorly
defined. A strong phosphorothioate interference effect, also
detected in previous interference analyses (28, 36), is
observed at position A351. Although J2/4 contains several
universally conserved adenosines, only A347 displays sen-
sitivity to analogue substitution. DAPRS interferes at this
position; thus introduction of an N2 amine has a detrimental
effect on binding. In addition, A347 is sensitive to PurRS,
indicating that deletion of the N6 amine interferes with
function. 2APRS, as expected, also gives rise to interference
at A347, based on the presence of both deleterious modifica-
tions: an additional N2 amine and deletion of the N6 amine.
Neither NMeARS nor 7dARS interferes strongly at this
position. Recently, Westhof and colleagues have argued on
the basis of structural considerations that J2/4 is in close
proximity to the pre-tRNA substrate (39). Our observation
that functional groups on a universally conserved nucelotide
in J2/4 are involved in substrate binding is consistent with
this idea; however, the precise interactions between J2/4 and
the substrate require further investigation.

Identification of ConserVed Adenosines Important for
Substrate Binding in J5/15 and J18/2.J5/15 and J18/2 are
located in proximity to the base of the acceptor stem of the
pre-tRNA substrate (Figure 6) (18, 20-22, 44) and thus are

FIGURE 4: Analogue interference mapping using nativeE. coli
RNase P RNA and Ec165 RNA. Positions of analogue incorporation
were detected by iodine cleavage. Lanes marked No I2 are free
enzyme samples that were not cleaved by iodine. Lanes labeled E
represent the iodine cleavage products from the free enzyme
population, and lanes marked E-S represent the products from the
bound fraction. The identity of the analogue incorporated for each
RNA is indicated with the abbreviations shown in Figure 2. Sites
of analogue interference are indicated by asterisks. The correspond-
ing nucleotide position in theE. coli ribozyme is shown at right.
(A) 5′ portion of the P4 helix, nucleotides 49-89. (B) Interference
pattern in P18, J18/2, P2, and J2/4, nucleotides 320-368. (C)
Interference pattern in P11, nucleotides 214-245.
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likely candidates for elements directly involved in substrate
recognition. However, the individual nucleotides within these
elements that are important for enzyme function are unde-
fined. We find that conserved adenosines at positions A248
and A249 in J5/15 and A334 in J18/2 are sensitive to base
analogue substitution, consistent with a direct role in
ribozyme-substrate interactions.

A328, A330, and A334 in J18/2 are highly conserved;
however, we detect significant interference only at A334 with
this set of analogues (Figures 4B and 5). A334 is sensitive
to both deletion and methylation of the N6 amine, as 2APRS,
PurRS, andNMeARS all result in measurable interference (κ

> 2) at this position. Additionally, A334 is sensitive to
7dARS incorporation. The sensitivity of A334 to modifica-
tion of the N6 and N7 positions, both of which lie on the
major-groove edge of the purine base, implies that this
adenosine may participate in a Hoogsteen-type hydrogen-
bonding interaction. Hartmann and co-workers found that
mutation of A334 to U results in a ca. 50-fold increase in
the equilibrium binding constant for pre-tRNA, consistent
with alteration of multiple essential functional groups on this
nucleotide (40). Interestingly, despite the fact that they are
universally conserved, mutations at A328 and A330 had
significantly less effect on in vitro reaction kinetics than

FIGURE 6: Location of sensitive nucleotides inE. coli RNase P
RNA. In the secondary structure diagram ofE. coli RNase P RNA,
adenosine positions sensitive to analogue incorporation are indicated
by black circles. The regions of RNase P secondary structure
referred to in the text are indicated by arrows.

FIGURE 5: Quantification of NAIM results. Interference effects were quantified as described in Materials and Methods. The normalized
interference value (κ) for each adenosine position is shown as a vertical line with length proportional toκ. Nucleotide positions with
normalized interference values greater than 2 are indicated. The corresponding regions of the RNase P ribozyme secondary structure where
the sensitive positions are located are indicated by gray boxes.
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mutations at A334 (40), consistent with the relative insen-
sitivity of A328 and A330 to analogue incorporation relative
to A334.

J5/15 is in proximity to both J18/2 and the base of the
tRNA acceptor stem in the ribozyme-substrate complex (20,
21, 32). Both conserved adenosines A248 and A249 in J5/
15 show significant interference with 7dARS (κ > 2), and
A248 is also sensitive toNMeARS (κ > 2) (Figure 5). 7dARS
at both A248 and A249 also interferes with self-cleavage of
a ribozyme-substrate tether, but these effects are rescued
by lowering the pH or by increasing the magnesium ion
concentration, arguing against a direct role in catalysis (35;
Kaye and Harris, unpublished results). Recently, we detected
efficient short-range (1-2 Å) cross-linking between position
G + 1 in tRNA and A248 in the ribozyme (44). The close
proximity of A248 and the conserved tRNA position+1 and
the sensitivity toNMeARS and 7dARS interference argues
strongly that the major-groove edge of A248 plays a direct
role in substrate recognition.

Identification of Essential Ribozyme Functional Groups
in P11 Adjacent to the tRNA T-Stem Loop in the Ribozyme-
Substrate Complex.One region of tRNA that is in direct
contact with the ribozyme through a series of functional
groups is the T-stem loop (15, 16). Mutational and in vitro
kinetic studies implicatedB. subtilisRNase P RNA nucle-
otides A230 and A130 in this interaction (16). The mutational
data and the modification experiments have not been
recapitulated inE. coli RNase P RNA in order to confirm
that these interactions are general. However, both of the
nucleotides homologous to A230 and A130 inE. coli (A233
and A118, respectively) are protected from chemical modi-
fication of N1 in the presence of substrate in both RNAs
(18), and photo-cross-linking confirms the proximity of P11
and P9 nucleotides to the T-stem loop (23).

We find that A118 in P9 shows measurable, but low,
sensitivity to modification of the N6 amine. Methylation of
N6 interferes only weakly with the function of A118 in
substrate binding (κ ≈ 2.5). Also, this position is somewhat
sensitive to introduction of an N2 amine since both 2APRS
and DAPRS give rise to small (κ ≈ 2) effects at A118 (Figure
5). In contrast to the relatively weak interferences at A118,
we detect a cluster of strong interferences at positions A232-
234 in theE. coli ribozyme, which are homologous to the
sites of interaction with the T-stem loop inB. subtilisRNase
P RNA (Figures 4C and 5). Remarkably, the sensitivity of
these three adjacent nucleotide positions to analogue incor-
poration is quite distinct. Function at A232 and A233 is
disrupted by addition of an extra amine at position 2 since
both are strongly sensitive to DAPRS (κ g 3). A233 and
A234 require N6, as indicated by their sensitivity to PurRS
(κ g 3). All three positions are dominantly sensitive to
2APRS as expected due to their sensitivities to the PurRS
and DAPRS reagents (κ ≈ 5). A233 cannot accommodate
an additional N2 amine, as demonstrated by its sensitivity
to both 2APRS and DAPRS. However, A234 is sensitive to
2APRS solely because of the missing N6 group since this
nucleotide is insensitive to DAPRS, which has amines at both
N6 and N2; while PurRS, which is missing the N6 amine,
does interfere. A234 does not tolerate methylation of N6 as
indicated by sensitivity toNMeARS; however, neither A233
nor A234 is sensitive to this analogue. In summary, these
data show that functional groups on both the major- and

minor-groove edges of A233 affect its function, while only
the minor groove of A232 and only the major groove of
A234 are sensitive to functional group modification.

Given that the homologue of A233 inB. subtilishas been
demonstrated to interact with a 2′ hydroxyl at the top of the
T-stem [position 60 (15)], it seems likely that the interference
effects we detect also disrupt this interaction. Intriguingly,
mutation of the A233 homologue to G in theB. subtilis
ribozyme results in a very large increase in theKd for
substrate binding (ca. 50-fold). Our results suggest that the
large effect of this mutation is due to both introduction of
an N2 amine and changing the N6 position from an amine,
in adenosine, to the carbonyl found on the guanosine base.

Interestingly, A234 is one of only two paired adenosine
positions we detect as sensitive to analogue substitution (the
second is A66 in helix P4; Figures 4A and 6). Phylogenetic
comparative analysis indicated that nucleotides homologous
to A234 covary with U126; however, the vast majority of
nucleotides in this position result in a U-A pair, which occurs
121 out of 141 times. G-C occurs at this position 11 times,
and the other four possible base-pairing configurations occur
a total of only nine times combined (41). Therefore, the
sensitivity of A234 to analogues that delete the N6 amine
(PurRS and 2APRS) correlates well with phylogenetic
conservation of a major-groove amine that would be present
on both the U-A and G-C pairings predominantly found at
this position. Introduction of an N2 amine into this U-A
pair is not expected to significantly disrupt Watson-Crick
interactions. In fact, DAP might lead to incremental stabi-
lization of helixes due to a potential hydrogen-bonding
interaction between the N2 amine of DAP and the O2 moiety
of the uridine base; thus it is not surprising that we do not
detect sensitivity of A234 to DAPRS.

ComparatiVe Interference and Mutational Analysis Im-
plicates the InVolVement of a UniVersally ConserVed J11/
12 Nucleotide in Substrate Binding.J11/12 contains nucle-
otides conserved not only among bacterial RNase P RNAs
but also among RNAs from all three phylogenetic domains
(1, 43). This region of yeast RNase P RNA has been
proposed to bind divalent metal ions essential for enzyme
function (42); however, the role of J11/12 in bacterial RNase
P RNAs remains largely unexplored. Intriguingly, we detect
A136, a universally conserved adenosine nucleotide that has
not yet been found to play a role in substrate binding, to be
sensitive to analogue substitution (Figures 5 and 7A). A136
is dominantly sensitive to both 2APRS and PurRS substitu-
tion (κ ≈ 6) indicating the N6 amine here is essential.
Methylation of this group is also quite detrimental to
function, as is substitution at the N7 nitrogen, sinceNMeARS
(κ ≈ 5) and 7dARS (κ ≈ 3) both interfere at A136. This
pattern of sensitivity to reagents that modify N7 and the N6
amine but insensitivity to introduction of an amine at N2 is
consistent with a Hoogsteen-type hydrogen-bonding interac-
tion involving A136.

The interference at A136 was unanticipated, since no
previous cross-linking, mutational, or interference studies had
identified this region as being involved in substrate binding,
or being in contact with the pre-tRNA substrate. To test the
generality of this interference result, as well as the interfer-
ence method in general, we repeated the analysis of J11/12
using theB. subtilis ribozyme (Figure 7B). The RNase P
RNA from B. subtilis differs significantly in details of
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secondary structure fromE. coli RNase P RNA, but it retains
the same core of conserved sequence and structure found in
all bacterial RNase P RNAs. Overall, the interference pattern
obtained with this ribozyme was essentially the same as that
obtained with theE. coli ribozyme (Figure 7B; data not
shown). Importantly, we find that the homologue ofE. coli
A136 in B. subtilis (A191) shows an identical pattern of
analogue interference. That is,B. subtilisA191 is sensitive
to 2APRS, PurRS, NMeARS, and 7dARS but insensitive to
DAPRS. Although we detect nearly identical patterns of
analogue interference in bothE. coli andB. subtilis, some
ribozyme-specific interferences are seen. One example,
located in J11/12, is seen in Figure 7B, where 7dARS gives
rise to a strong interference effect at A185 whileE. coli
RNase P RNA has a C atthis position. Such differences are
likely to reflect differences in structure, yet it is not possible
to discount the possibility that differences in specific
ribozyme-substrate interactions may exist between these two
ribozymes. The basis for these differences is currently being
explored.

To further examine the general sensitivity to analogue
interference at A136, the binding properties of a mutation
at A136 was explored along with a similar mutation at a
nearby conserved adenosine that is not sensitive to analogue
interference. Mutation of A136 to G alters three different
positions on the purine base: N1, N2, and N6. On the basis
of the interference results, addition of N2 should not disrupt
the function of A136 since this position is not sensitive to
DAPRS. However, G replaces the exocyclic amine of A with
a carbonyl at position 6, which changes the chemical nature
of this position. Such a change would be expected to

significantly affect substrate binding since deletion or
modification of N6 strongly interferes in both ribozymes
tested. In addition, N1 of the purine ring is protonated in G
relative to A; however, none of the analogues tested were
modified at this position.

As expected on the basis of the interference results,
mutation of A136 to G gives rise to a measurable (ca. 5-fold)
increase inKd for pre-tRNA binding compared to the wild-
type ribozyme (Figure 8, Table 1). Using the gel-filtration
approach described above, we measure aKd for pre-tRNA
of 40 nM for the native RNase P RNA, while a value of
184 nM is obtained for the A136G mutant ribozyme.
Interestingly, an analogous mutation to guanosine at A132,
which is not sensitive to analogue interference in either
ribozyme, has little effect on the ability of the ribozyme to
bind substrate. For the A132G mutant a value of 65 nM is
measured forKd, which is less than 2-fold higher than the
value measured for the native ribozyme. Importantly, neither
mutation has a significant effect on the ability of the
ribozyme to cleave the bound substrate since the single-
turnover cleavage rate is essentially unaffected (Figure 8,
Table 1).

CONCLUSIONS

These results provide a detailed chemical picture of
ribozyme functional groups that are involved in substrate
binding. We detect 10 adenosine residues out of 86 inE.
coli RNase P RNA (12%) that are sensitive to at least one
of the base analogues tested: A65, A66, A136, A232-234,
A248, A249, A334, and A347. All of the interfering positions
are located at nucleotides that are highly conserved among
bacterial RNase P RNAs. In fact, the majority of the
interfering sites (7 out of 10; A65, A66, A136, A248, A249,
A334, and A347) are located at nucleotides that are
universally conserved among RNase P RNAs from all three
phylogenetic domains (1, 43). Notably, we observe a strong
correlation between nucleotide positions that are sensitive
to analogue interference in substrate binding and sites
identified by photo-cross-linking and chemical protection as
being involved in ribozyme-substrate interactions. In ad-

FIGURE 7: Analogue interference analysis of J11/12 inE. coli and
B. subtilis RNase P RNAs. (A) NAIM results for theE. coli
ribozyme. Lanes are marked as in Figure 3. Sites of analogue
interference are indicated by asterisks. (B) NAIM results for J11/
12 in the B. subtilis ribozyme. Lanes and sensitive nucleotide
positions are marked as in panel A.

FIGURE 8: Analysis of A132G and A136G mutants ofE. coli RNase
P RNA. Bound and unbound substrate were separated by gel-
filtration chromatography and the fraction of substrate bound was
plotted as a function of ribozyme concentration. NativeE. coli
ribozyme (b); A132G (O), and A136G (9) are shown. Lines
represent a fit of the data to eq 1b.
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dition, these results have identified another specific region
of the ribozyme, J11/12, that is involved in substrate
recognition. A subset of the conserved nucleotides we detect
likely form direct contacts with the substrate. These results
represent a crucial step toward defining the role of these
conserved nucleotides in ribozyme function. With the
important functional groups established, their tertiary pairing
partners can likely be elucidated by kinetic analysis and
interference suppression approaches (e.g., ref27). Given that
nearly all of the functional groups we detect reside at
universally conserved nucleotide positions, it is likely that
the results will be useful for understanding the function of
RNase P RNAs from all three phylogenetic domains.
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