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ABSTRACT: It is demonstrated that acceptor stem duplexes derived from native tRNAs which contain a
three-nucleotide extension at thet&rminus of mature tRNA are minimal substrates for ribonuclease P
from bothEscherichia colandBacillus subtilis.Variants with a cytidine at positiorn1 are most efficiently
processed whereas the-G variant represents a comparatively poor substrate. Anlfacceptor stem
variant is a slightly better substrate than the-& variant though generally distinctly less efficient than

the C—1 duplex. This is in qualitative agreement with the frequency of the occurrence of the corresponding
nucleotides at positior-1 in natural substrates, which is highest for pyrimidines and least for G. NMR
analyses of the corresponding acceptor stems reveal that the conformation of the nucleotides at position
—1 correlates with the substrate preferences of Ribonuclease P: Wherehsa@opts a conformation
characterized by a glycosidic angle in thati range (close to higlanti), the G —1 is clearly insyn
conformation, and that of A-1 is intermediate between higinti andsyn The riboses of nucleotidesl

are in all cases predominantly-@ndopuckered.

RNase P catalyzes the 'smaturation of tRNA primary -
transcripts in all three domains of life (Archaea, Bacteria, 5'-Uué/ ACCAS
and Eukarya) as well as in mitochondria and chloroplasts /VG-C e
(2). The RNA subunits of RNase P from Bacteria and some oz F 8:2
Archaea are catalytically active in vitro at elevated salt 8:8
concentrations in the absence of the RNase P protein U=A
componentsZ, 3). Bacterial RNase P RNAs recognize their A=y
substrates by tertiary contacts, except for two to three _ 3 3 ,
consecutive WatsonCrick base pairs4—6) resulting from hoﬁ;ﬂ;me }ﬁli’;ﬁ;’;’;,e ol g e s
interaction of tRNA ;sNCCAz 3'-ends with the L15/16 x  Kous Fops Kops Kops
internal loop (A-type RNase P RNAs, such Escherichia (minh)  (minh  (min') __(min)
coli) or L15 loop (B-type RNase P RNAs, suchBacillus C-1 040+0.15 1602 115:035 0.05:0.02
subtilis). A-1 0.18:0.04 (26:5x107 024:0.1 (6:2)x103

So far, the smallest model substrate reported to be
processed by thE. coli RNase P holoenzyme consisted of
a 7 base pair acceptor stem he®6 nt 3-precursor segment  Fgure 1: Processing rates of acceptor stem model substrates
and a 3ACCA terminus (). Previous studies have shown (shown at the top, numbering system as for ptRNAS) by reconsti-
that such minimal substrates or truncated tRNA derivatives tuted bacterial RNase P holoenzymes under single turnover condi-
bind with lower affinity toE. coliRNase P RNA§, 9), most tions E > S for details see Materials and Methods). Cleavage
likelv due to the ab boptimal ’ t ,t' fth rates represent mean values derived from two to five independent
Ikely due 10 the a Se_nce or suboptimal presentation o eexperiments. We note that the presence of a C, A, or G at position
T arm of tRNA. For this reason, model substrates of the type —1 minimized the potential of base pairing between nucleotides
shown in Figure 1 strongly depend on recognition elements —1 and+73. As demonstrated by Lee et ad1f such a base pair
formation interferes with substrate positioning in the RNase P active

T This work was supported by the Deutsche Forschungsgemeinschaftsite. In the casefea U at —1 this may be due to introducing an
projects Li 722/2-1 and Ha 1672/4-2/4-3. energetic barrier to the interaction of A73 with U294 ©f coli
*To whom correspondence should be adressed. Phone: RNase P RNA, corresponding to U260BnsubtilisRNase P RNA
+49 921 55 2408. Fax:+49 921 55 2432. E-mail: stefan@ (6, 11, 38—40).
btc9x3.che.uni-bayreuth.de.

G-1 0.15:0.02 (65:2)x107% 0.14:0.04 (4:3)x10*

¥ Universita Bayreuth. in the acceptor stemAICCA module, and losses in binding
8 Medizinische Universitazu Libeck. energy due to the disruption of single contacts cause more
"Ribopharma AG. , , N o severe kinetic defects than in the case of intact precursor
1 Abbreviations: A, adenosind.s, Bacillus subtilis C, cytidine; tRNA substrates1(0, 11). Here we have studied the role of

DSS, 2,2-dimethyl-2-silapentane-5-sulfonde;, Escherichia coli G, . . . . .
guanosine; NMR, nuclear magnetic resonance; ptRNA, precursor tRNA; the base identity at pOSItIOf_]l (Figure 1) in the context of
RNase P, ribonuclease P; X, ribonucleotide (A, C, or G). an acceptor stem module Wit 3 nt 5-flank. Substrates were
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analyzed for processing efficiency in reactions catalyzed by
reconstitutecE. coli RNase P and. subtilisRNase P as
well as chimeric holoenzymes. Inclusion of chimeric holo-
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widths of 10 ppm for the proton resonances and 130 ppm
for the carbon dimension.

Preparation of RNase P RNAs and Proteilugild-type

enzymes allows to assess if possible differences in cleavageRNase P RNAs fronk. coliandB. subtiliswere synthesized

efficiency are primarily related to the nature of the RNA or
protein subunit. Little is known about the cleavage efficiency
of small model substrates in the reaction catalyzedBby
subtilisRNase P, whose catalytic RNA subunit differs from
A-type, E. coli-like RNase P RNAs significantly in terms
of structure 12), the mono- and divalent cation concentration
required for high catalytic performance in vitrg, (13, 14),
and the strict requirement for Mg or C&" in addition to
Cc?* for productive interaction with a substrate carrying a
single Ry-phosphorothioate modification at the RNase P
cleavage sitel5). Pan (L6) selected small model substrates
for B. subtilisRNase P RNA by in vitro selection, providing

by in vitro runoff transcription from plasmid DNAs and
prepared as describetl5, 19). E. coliandB. subtilisRNase
P proteins carrying an N-terminal His tag (His-tagged peptide
leader: MRGSHHHHHHGS, encoded in plasmid pQE-30,
Qiagen) were expressed and purified as descrit&g), (
except that protease inhibitors pepstatin and antipain were
omitted, and cell disruption was achieved by sonication
pulses for 20 min on ice but without repeated freeze
thawing.

Nuclease P1 and Alkaline Hydrolysis Reactiofr
limited digests by nuclease P1, about 20* Cerenkov cpm
of the RNA oligonucleotide and 25 of carrier tRNA were

the first evidence that non-tRNA substrates for RNase P may preincubated in buffer P1 (40 mM NBAc, pH 5.3, 0.4

also exist inB. subtilis The base at positiorr1 has been
shown before to influence cleavage site selection inBhe
coli RNase P RNA-alone reactiori®). The goal of the

mM ZnSQ,)) for 5 min at 70°C, followed by addition of
0.001 ug of nuclease P1 (Boehringer) to a final reaction
volume of 10uL and further incubation for 1 min at /AT,

present study was to determine if there are correlationsf not stated otherwise. For limited alkaline hydrolysis, about
between the efficiency of bacterial RNase P processing of 2 » 10* Cerenkov cpm of the RNA probe and 2.4 of

substrates with different nucleotides at positierl and

carrier tRNA were incubated for 1.5 min at 10Q in 10

structural and/or conformational properties of these variants 4| of 30 mM NaOH and 0.6 mM EDTA. All hydrolysis

as determined via NMR spectroscopy.

MATERIALS AND METHODS

RNA Synthesis, Purification, and NMR Sample Prepara-
tion. Oligoribonucleotides were chemically synthesized on
a Gene Assembler Plus (Pharmacia) by the H-phosphonat
method (8). Deprotected oligonucleotides were purified by
HPLC on a DEAE 500-7 anion-exchange column (Macherey-
Nagel). Purification was carried out under denaturing condi-
tions (8 M urea, 20 mM potassium phosphate buffer;&p

reactions were stopped by addition of an equal volume of
gel loading buffer (k TBE buffer containing 2.7 M urea,
66% formamide, and 0.05% each XCB and BPB).

5'-End Labeling of RNA Oligonucleotides-End labeling
using [-3?P]JATP and T4 polynucleotide kinase was per-

é‘ormed as describe@Q).

Kinetics 5-3?P-end-labeled (about 1 pmol) RNA oligo-
nucleotides 5UU(C, A, or G)GGUGCUA were annealed
with an about 18&fold excess of the complementary RNA
oligonucleotide 5UAGCACCACCA (about 1 nmol) in 15

Oligoribonucleotides were separated using KCI gradients and/L Of buffer A [SO mM HEPES pH 7, 30 mM Mg(OAe)

subsequently desalted on a P6 column (Bio-Rad). Sample

purity was checked by denaturing PAGE (7 M urea). RNA
concentrations were determined via UV absorption at 260
nm. NMR samples with final RNA concentrations between
ca. 1.0 and 1.3 mM were prepared igdsolution containing
100 mM NaCl and 10 mM sodium phosphate, pH 6.5.
Samples were annealed by heating to°80for 3 min and
subsequent cooling {23 h) to room temperature.

NMR SpectroscopyH NMR spectra were acquired at 500
MHz proton resonance frequency on a DRX-500 spectrom-

eter (Bruker) and processed and evaluated on O2 and fhdigo

workstations (SGI) using the NDEE NMR software (Spin-
up). All chemical shifts are referenced to internal DSS. One-
dimensional spectra were acquired with 10 ppm spectral

100 mM NH,OAc] at 92°C for 3 min, followed by slow
cooling (2-3 h) to room temperature.

About 10 fmol (25000 cpm) of the annealed RNA
oligonucleotides was prewarmed for 10 min at 7 in
buffer A and then combined with &V each RNase P RNA
and protein (RNA and protein had been preincubated together
for 30 min at 37°C in buffer A) in a final volume of 1%L
of buffer A. Aliquots (2.5uL) were taken at different time
points, 5uL of gel loading buffer (see above) was added,
and RNAs were separated on 15% or 25% polyacrylamide/7
M urea gels and quantified as describé&)(

RESULTS

Kinetics.Small bipartite model substrates carnyia 3 nt

width and 16 K data points and two-dimensional spectra 5'-flank (Figure 1) were analyzed under single turnover
likewise with 10 ppm sweep width in both dimensions and conditions by RNase P holoenzymes reconstituted from RNA
4096 x 512 data pointsH, x F;). 1D spectra were subjected and protein components derived frdncoli andB. subtilis

to exponential multiplication corresponding to 0.5 Hz line Under the same conditions (up 1 h incubation at pH 7.0,
broadening (convolution). 2D spectra were apodized with 30 mM Mg?*, 0.1 M NH,), processing b¥. coli RNase P
mt/2-shifted squared sine-bell functions in both dimensions. RNA alone was much less efficient, and no detectable
NOESY (mixing times of 80, 150, and 350 ms) and DQF- cleavage was seen in the presenceéBokubtilis RNase P
COSY spectra were recorded in the phase-sensitive modeRNA alone (data not shown). Figure 2 illustrates a repre-
using standard pulse sequences at temperatures of 289, 29%entative gel analysis of the time course of substrate

and 303 K. Heteronuclea?C—'H correlations were meas-
ured as HMQC spectra with GARP decouplingtin The
2048 x 512 (. x F,) data points were used with spectral

conversion in the presence of the four different holoenzyme
activities. In addition, we verified that cleavage occurred
between position-1 and+1, as shown for the A-1 and G
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Ficure 2: Kinetics of cleavage for the acceptor stem model
substrate carrym a C atposition —1 by reconstituted bacterial
RNase P holoenzymes under single turnover conditi&s-(S).
Aliguots were withdrawn at indicated time points, and cleavage
reactions were analyzed by 25% PAGE in the presence of 7 M
urea. The 5end-labeled substrate strand, 10 nucleotides in length,
and the 5cleavage product, 3 nucleotides in length, are indicated
by arrows. For further details, see Materials and Methods.
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Ficure 3: Determination of the cleavage site illustrated for the
model substrate carrying an A or G at positiedl in the reaction
catalyzed by theE. coli RNase P holoenzyme. The extent of
substrate conversion is shown for two time points. Limited alkaline
(OH™) and nuclease P1 digests are shown for comparison. For the
A-1 substrate, two nuclease P1 lanes are shown, which differed in
the time of incubation (30 s and 2 min at 7Q, respectively).
Note that alkaline hydrolysis generatesCGH and 2,3-cyclic
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substrate G -1

substrate C -1

@ ribose puckering ca. 60% 2-endo
ribose puckering ca. 38% 2-endo
(O ribose puckering 3"-endo

EZ syn-nucleotide
H regular base pairing

—— good stacking between bases
- - - medium stacking between bases
poor stacking between bases

FiIGURe 4: Schematic representation of stacking interactions and
nucleotide conformations in minimal substrates-C and G—1

as derived from NMR studies. Base stacking interactions were
classified as “good”, “medium”, and “poor” according to the number
and intensity of characteristic internucleotide NOESY cross-peaks.
Additional C3 variants were used for comparison to verify the
assignment of the stem nucleotid@?,(42, 43).

substrate, although the differences to the-Asubstrate were

phosphates, whereas nuclease P1, as RNase P, genetates Selatively moderate for activities containing tEecoli RNA

phosphate and'®H termini. The 5end-labeled substrate oligo-
nucleotides 5UU(A or G)\GGUGCUA are 10 nucleotides in length.
Hydrolysis products were analyzed by 25% PAGE in the presence
of 7 M urea. Positions of cleavage products (in nucleotides) for
alkaline hydrolysis and nuclease P1 are shown at the left and right
margins, respectively. For further details, see Materials and
Methods.

—1 substrate in Figure 3. Coelectrophoresis with limited

component (1.21.7-fold), more pronounced for thB.
subtilis holoenzyme (4-fold), and most pronounced for the
combinationE.c. proteinB.s.RNA (15-fold). These results
indicate that a purine at1 is generally less favorable for
productive enzymesubstrate interaction than a pyrimidine.
However, enzymes containing tie coli RNA component
were only moderately sensitive to the base identity at position

alkaline and nuclease P1 digests also confirmed that RNase 1, whereas those containing tBesubtilisRNA component

P cleavage generated authentipBosphate termini (Figure
3). Single turnover rates of cleavagen) are summarized
in Figure 1 and varied in the range between about' Hhd
1.6 mim™.

In reactions catalyzed by the coliRNase P holoenzyme,
the substrate carrying a cytidine at positioth was processed

were more sensitive; these observations indicate that active
site constraints are not identical for enzynwibstrate
complexes involving the two different catalytic RNAs.

NMR Analysis.In our NMR studies, minimal RNA
substrates for RNase P were employed that resemble the
acceptor stem dt. colitRNAA? (Figure 1). In all cases, the

at the highest rate, although the two other substrates wereb'-flank of the mature tRNA acceptor stem was extended

cleaved with only slightly reduced (2-2.7-fold) efficien-
cies. A different picture emerged with holoenzymes including
the B. subtilisRNA component. In these cases, the-@
substrate was cleaved 62-fold faster than the JAsubstrate
with the B. subtilisholoenzyme and about 8.3-fold faster in
the presence of thB. subtilisSRNA andE. coli protein B.s.
RNAV/E.c. protein enzyme). This difference reduced to 4.8-
fold with the B.s. proteinE.c. RNA enzyme. In all cases,
lowest processing efficiencies were observed with thels

by a 3 ntstretch, 5UUX, where X denotes one of the
nucleotides C, G, or A at positionrl. U —1 was purpose-
fully excluded to avoid base pair formation between-u
and A73 (see further explanation in the legend of Figure 1).
General Features of the Acceptor Stem Structures with
5'-UUX Overhangs.The general features are schematically
depicted in Figure 4 for the C-1 and G —1 variants,
respectively. As in the wild-type acceptor stem of tRNA
(22), the 4 nt single-stranded’-8rminus (ACCA) also
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Ficure 5: Part of the 350 ms NOESY spectrum at 297 K of the- Avariant containing the HH5<-H6/H8 cross-peak region. Assignment
paths are indicated for nucleotides +B through G1 (5terminus, solid lines) and nucleotides C72 through A76téBminus, dashed
lines).

displayed a fairly high degree of conformational order in 28). Addition of 8 mM MgCk gives rise to only minor
these duplex variants, i.e., nucleotides A73 through C75 arechemical shift changes (typically0.03 ppm), while cross-
well-stacked, with the terminal A76 being less ordered, and peak pattern as well as relative cross-peak intensities
accordingly featuring greater reorientational freedom. The remained unaffected (data not shown).

number and strength of internucleotide NOEs between the The results were distinctly different for the three nucleo-
corresponding nucleotides are comparable to those betweertides—3 to —1 in the 3-flank of the 3-terminus of the tRNA

the residues in the interior of the double helical st&2 acceptor stem. Irrespective of the nature of the nucleotide
25). In particular, very strong NOEs are observed between type at position—1, the riboses of all three nucleotides were
the ribose H2resonance of a given nucleotide and the predominantly 2endopuckered [ca. 57%; se®9)]. This
aromatic (H6/H8) proton signal of the base of its@ighbor already hints at an arrangement of the nucleotides in the
for nucleotides 66 through 76 in the one strand and 1 throughoverhang which clearly deviates from regular A-geometry
7 in the other strand. Moreover, strong intranucleotide ribose that requires '3endopuckering of the ribose rings. Moreover,
H3'<aromatic H6/H8 contacts (except for A76 where a very all studied minimal substrates have in common that there
strong intranucleotide H2-H8 NOESY cross-peak was are only very weak NOE contacts between nucleotides U
observed) were found for these residues, as well as weak to—3 and U —2, suggesting strongly diminished stacking
medium ribose H*>aromatic H6/H8 NOESY cross-peaks between them and concomitantly high reorientational free-
(both intra- and internucleotide) and weak aromaticomatic dom. In Figure 5, part of the 350 ms NOESY spectrum of
(H6/H8~>H6/H8, H5~>H5, H6<-H5) internucleotide contacts.  the A—1 variant containing the HIH5<~>H6/H8 cross-peaks
Such a cross-peak pattern, along with the observed prefer-s displayed. Assignment paths connecting nucleotides3U
ential 3-endopuckering of all nucleotide riboses (except for through G1 of the 5extension (solid lines) and nucleotides
A76 which has a2endopopulation of about 57%; cf. Figure  C72 through A76 (dashed lines) are drawn. It is obvious that
4), indicates an essentially regular A-helical geome2d( several internucleotide M#H6/H8 cross-peaks are either
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very weak or completely absent in the former case. In the

latter case, internucleotide cross-peaks are clearly present, U2
; . H1'-H6

reflecting the well-ordered arrangement (stacking) of the ca
nucleotides in the 'derminal ACCA end. There were only H1'-H6
very weak (if any) H2>aromatic H6 internucleotide cross- H5-H6 A70. 8.0
peaks for the Sterminal nucleotides, indicating that the ' H1-H8|
arrangement in this region of the RNA is distinctly different
from regular A-helical conformation. In line with the A7
preferred 2endopucker of the riboses of U-3 and U—2 H1*-H8
(as derived from the relatively largi'*H? scalar coupling
constants of 4.9 Hz), very strong intranucleotide’ 6 A67
cross-peaks were detected for these nucleotides, which is H1'-H8
more typical of B-like helices24—26). Hence, we infer that f @ A76 8.4
the reorientational freedom of this arrangement is rather high o —H1-Hg ‘ : ‘ w
or, correspondingly, the conformational order (along with 6.20 6.10 6.00 4.80 4.70 4.60 4.50
the stacking order of the bases) is fairly low. This inference G1H8-A-1HT' ‘ &0
is corroborated by the magnitudes of the chemical shifts of | 80 GiHs-A-1H2' [ 89
both the aromatic (H5/H6) and ribose Hirotons of U—3 6.1 L 6.1
and U —2, which were closer to the values expected for A7,@ ) )
nucleotides in totally disordered (“coiled”) RNA single HIHBY |4 8.2
strands 80). If significant stacking between the bases | )
occurred, these resonances would be appreciably shifted 8.3
upfield (30), which was not the case. Noticeable differences H1-Hs
with respect to nucleotide conformation and internucleotide \A-1H2-H8 | 8.4
contacts between the variants with different bases at position
—1 are essentially restricted to this nucleotide and others in g L85
its immediate vicinity (see below). A-1H1-H8

Base-Type-Dependent Conformational Peculiarities at i ‘ _ 8.6 ‘ ‘ 186
Position—1. For all acceptor stem minimal substrates with 6.20 6.10 6.00 5.10 5.00 4.90
variant nucleotides at positionl (C, A, G), NOE contacts A70 ||
between nucleotides U2 and X —1 were generally very H1-H8 | 7.7 -7.7
weak without significant differences regarding the cross-peak U3 H5-H6
pattern. However, distinct variations were found with respect \ 7.8 % 7.8
to the interaction between nucleotide-XL and G1. For the ‘ 0 |
C —1 duplex (see above), again very weak internucleotide G -1 HI-GIHS 72 6 H2- & 779
contacts C—1H1<G1H8 and C—1H2<G1H8 were ‘ g0 G1H8 h 8.0
observed, whereas the intranucleotide CH2<-H6 cross- G-1HI-H8 &' |
peak was by far the strongest. Moreover, a weak U 8.1 @ - 8.1
—2H2<C —1H5 cross-peak was seen (cf. Figure 6). Along A7@ G -1 H2-H8
with the preferential 2endopuckering of its ribose this is H1-H8 182 r8.2
in accordance with the assumption of a somewhat modified !
“B-like” arrangement of C—1 (with reference to its (83 |83
neighbors) which in addition displayed a high degree of 6.20 6.10 6.00 5.10 5.00 4.90
conformational disorder. FiGURE 6: Part of the 350 ms NOESY spectra at 297 K of the C

Variants with A —1 (cf. Figure 5) and G-1 likewise —1 (upper panel), A-1 (middle panel), and G-1 (lower panel)
featured only very weak A/G-1H1'<-G1H8 cross-peaks; minimal substrates for RNase P containing the intranucleotide A
however, in these cases the internucleotide AMHZ<-G1H8 ~ ~1/C —1/G —1 HI<-H8/H6 and H2~HB8/HE cross-peaks, re-

: : . spectively. Note their different relative intensity ratios (cf. Results).
contacts were weak to medium, i.e., comparatively stronger(#) indicates the missing internucleotide 'G88<C —1H2 cross-

than the equivalent ones for the €1 variant (see Figure  peak (cf. Results).
6).

Most significantly, the C—1 and G —1 variants dif- other contact involving resonances of-€1. For the G—1
fered in the relative intensities of intranucleotide'+H6/ variant, however, a very strong intranucleotide-GH1'<~-H8
H8 and H2<-H6/H8 cross-peaks. Though, due to peak cross-peak is observed. Its intensity clearly exceeded that
overlap with the C-1H5—H6 cross-peak, the intranucleotide of all other contacts between &1 resonances and those of
C —1H1'<H6 cross-peak was not resolvable, however, its its neighboring nucleotides as well as that of its intra-
intensity could be estimated from the total intensity of the nucleotide cross-peaks, in particular, the -@H2<H8
resulting superimposed cross-peak and its comparison withintranucleotide and the G-1H2<-G1HS8 internucleotide
other H5>H6 cross-peaks. From this comparison it could contacts (see Figure 6). The GLH1'<H8 intranucleotide
be inferred that the H¥H6 cross-peak of C-1 was not cross-peak was still observed in the NOESY spectrum at
extraordinarily strong. As discussed before, in the-C short mixing time (80 ms), while all other cross-peaks
substrate the intranucleotide HW2H6 cross-peak is the involving resonances from G-1 are missing in this
strongest one (cf. Figure 6), much more intense than anyspectrum.
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Very strong intranucleotide H#H8 cross-peaks are
usually taken as evidence of syn conformation of the
corresponding nucleotid®4—27, 31—33). This conforma-
tion was further corroborated by the downfield-shifted H2
resonance of G-1 (4.95 ppm), which is typical ofyn
nucleotide H2shifts 28, 32) though it is not as pronounced
here as in other report8%). Consistent with aynconfor-
mation of G—1 was the detection of a weak internucleotide
G —1H2<G1H8 cross-peak, which is comparatively stron-
ger than the equivalent E1H2<>-G1H8 in the C—1 variant
(“B-like” arrangement). From the relative intensities of the

Zuleeg et al.

substrates foB. subtilisRNase P RNA that are cleaved in
an apparently single-stranded region and do not depend on
the presence of a-3CCA terminus, raising the possibility
that the scope of natural RNase P substrates might be
unexpectedly diverse. However, norRBCCA substrates
could contain features that significantly impair cleavage.
Some precursors are more efficiently processed by the
holoenzyme than by the RNA subunits alofie36). Fierke

and co-workers 37) have reported evidence that tige
subtilisprotein component stabilizes productive interactions
of the catalytic RNA subunit with the substrate in a manner

above-discussed cross-peaks, a rough estimate for the glydependent on the presence of nucleotidein the precursor

cosidic angley of ca. 0 (£20°) can be assigne®4q).
Interestingly, the C-1 variant had a rather unusual cross-

segment. Kinetic and cross-linking experiments further
indicated that the protein component increases the substrate

peak between resonances of the two first nucleotides in eitherassociation rate by directly interacting with nucleotielg

of the two single-strand termini on thé-&and 3-ends of
the precursor, respectively, namely-QH5->A73H2 (weak

of the precursor segmeré, (11, 38—40). Since the substrates
analyzed here had gné 3 nt 3-flank, the protein most likely

to medium). Such a cross-peak, though much more intense@cted indirectly by stabilizing productive interactions between

there, has been also observed between GiANB2H2 of

the nucleotides in the characteristic first mismatch base pair

C1-A72 of theE. coliinitiator tRNAMet acceptor stem3d).
In that molecule, for nucleotide C1, from the NMR structure
analysis, a conformation close to highti (glycosidic angle

catalytic RNA subunits and small model substrates.
Holoenzymes containing. subtilisRNase P RNA were

most sensitive to a purine, particularly G, at positieh of

the substrate. This is in line with a previous study showing

that changig a 2 nt 5-flank from 5-GU to GG in the context

% ~ —100°) was derived. In the present case, the arrangementof a bacterial ptRNA®* decreased the cleavage rate constant

is evidently much less well defined due to increased
conformational flexibility. Nevertheless, there seems to be
a certain probability of finding the corresponding glycosidic
angley close to the higtanti range.

Remarkably, the adenosine in the-Al variant appears
to adopt a conformation being somehow intermediate
between those of C-1 and G—1 minimal substrates. The
NOESY spectra of A—1 displayed medium to strong
intranucleotide HX>H8 cross-peaks, which are invariably
distinctly less intense than the strong A1 H2<H8
intranucleotide contacts (cf. Figure 6). Internucleotide A
—1H2<G1H8 cross-peaks (weak) were comparatively
stronger than the corresponding-€1H2<G1H8 contacts
for the C—1 variant, very much like for the G-1 acceptor
stem. In addition, weak to medium A1H2<G1HI and
very weak A —1H1<G1H8 cross-peaks suggest some
residual stacking between Al and G1.

Possibly, A—1 switches rapidly (on the NMR time scale)
betweensynandanti conformations and/or had a preferred
occupation between higanati andsynregions. An estimated
average glycosidic anghe of ca. —50° £+ 20° can account

for all the observed cross-peak patterns (see above; cf. als

Figure 6).
DISCUSSION

Acceptor stem model substrates cargym 3 nt 5-flank

about 70-fold in the reaction catalyzed By subtilisRNase

P 37). In our study, the C-1 substrate was cleaved about
250- and 125-fold faster than the &1 substrate by th8&.
subtilisholoenzyme and thB.s.RNA/E.c. protein chimeric
enzyme, respectively, suggesting that these differences may
include contributions from impaired substrate binding in the
ground state in addition to reducing the rate of the cleavage
step. A comparative analysis of naturally occurrigubtilis
ptRNA leader sequences revealed little sequence conserva-
tion, except that the nucleotide at positierl is predomi-
nantly U and most rarely G3{), with the latter finding being
consistent with our observed in vitro result reported above.
A similar bias is observed fdE. coli, where about 67% of
tRNA precursors cayra U and only about 15% a purine at
position —1 (40). However, our results (Figure 1) indicate
that the catalytic RNA subunit frof. coli has only moderate
preference for a pyrimidine at positionl.

Our NMR measurements have revealed that nucleotides
in the B-precursor segment display only little stacking order
and, accordingly, high reorientational freedom in free
substrates, in contrast to the well-orderéde3minus. As
Odiscussed above, the first two nucleotides of th#éédnk are
assumed to be involved in interactions with the catalytic RNA
subunit, suggesting that precursor fragments will adopt a
more defined, yet unknown, conformation in RNasesBb-
strate complexes. With the €1 substrate, the nucleotide
at this position adopts thenti conformation, though it might

have been analyzed in reactions catalyzed by reconstituteche close to the higlanti range. A rapid exchange on the

E. coliRNase P an®. subtilisRNase P as well as chimeric

NMR time scale betweesyn and anti conformers at this

holoenzymes (Figure 1). These substrates represent theosition seems probable for the Al substrate (although
smallest truncated tRNA substrates tested to date, and ouwe do not exclude an average conformation intermediate
study is the first data on their cleavage by a bacterial enzymebetween higranti andsynwith the glycosidic anglg around

of the B-type, for whichB. subtilishas previously been the
prototype. Our results suggest thHat subtilisRNase P, as
theE. colienzyme 85), may also act on non-tRNA substrates
in vivo, which include a single-strandetftank, an acceptor
stem-like module, and a single-strandédN&ECA terminus.
Pan (6) even obtained by in vitro selection small model

—50°) whereas a guanosin€l shifts this equilibrium toward
thesynconformation. If this conformational equilibrium was
the main determinant in formation of productive enzyme
substrate complexes, we would have expected the 1A
substrate to result in cleavage efficiencies intermediate
between the C-1 and G—1 substrate. This was indeed
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observed for theée. coli holoenzyme. However, the differ-
ences between the €1 versus the A-1, G —1 substrates
were much more pronounced than for the-A versus the

G

—1 substrate in the reaction catalyzed by Besubtilis

17.

18. Ott, G., Arnold, L., Smrt, J., Sobkowski,

holoenzyme. However, the binding preferences need not 19
necessarily be conserved in various systems.

Thus, theanti/synconformational equilibrium could play
a role in the recognition process by bacterial RNase P by
virtue of reducing the frequency of successful initial binding

events. However, other reasons may be the primary cause 22,

for the observed kinetic effects. A more bulky purine—t
might prevent an optimal alignment of the scissile phos-
phodiester bond in the active site, particularly in enzyme
substrate complexes containing BiesubtilisRNase P RNA.
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