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The Cleavage Step of Ribonuclease P Catalysis Is Determined by
Ribozyme-Substrate Interactions both Distal and Proximal to the Cleavagé Site
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ABSTRACT: The cleavage step of bacterial RNase P catalysis involves concentration-independent processes
after the formation of the ribozymesubstrate complex that result in the breaking of a phosphodiester
bond. The 20H group at the cleavage site of a pre-tRNA substrate is an important determinant in the
cleavage step. We determined here that in contrast to a tRNA substratéQthafthe cleavage site of

two in vitro selected substrates has no effect, wherea®H fcated adjacent to the cleavage site has a
similarly large effect on the cleavage step. This result indicates that a unigteia the vicinity of the
cleavage site interacts with the ribozyme to achieve the maximal efficiency of the cleavage step. Individual
modifications in a pre-tRNA substrate that disrupt ES interactions proximal to the cleavage site generally
have little effect on the usage of this uniqu®©R. Ribozyme modifications that delete the interactions
involving the T stem-loop of the tRNA have a large effect on the usage of this unig@@2and also

alter the location of this'®H. We propose a new ES complex prior to the bond-breaking step in the
reaction scheme to explain these results. This second ES complex is in fast equilibrium with the initial
ES complex formed by bimolecular collision. The ribozyme interaction with this uni¢@&l Zhifts the
equilibrium in favor of the second ES complex. The formation of the second ES complex may require
optimal geometry of the two independently folding domains of this ribozyme to precisely position crucial
functional groups and Mg ions in the active site. Such a domain geometry is significantly favored by

the RNase P protein. In the absence of the protein, spatial rearrangement of these domains in the ES
complex may be necessary.

The catalysis of biological ribozymes can often be decreased the cleavage rate-b340-fold in the RNA alone
described by two or more distinct events after the formation (denoted P RNA)and~30-fold in the RNA/protein (denoted
of the bimolecular ribozymesubstrate complex. Starting holoenzyme) reactiorl(, 19. This ZOH to 2ZH substitution
with the ES complex described by the crystal structules ( decreased the cleavage rate at two miscleavage sites by the
2), the hammerhead ribozyme is thought to undergo a same magnitude, whereas substitution’'@ft2to 2H at both
conformational change prior to breaking the phosphodiester miscleavage sites had no effect on cleavage at anyXite (
bond @, 4). This conformational change may involve 12). A simple interpretation of this result suggests two
structural rearrangements to position crucial functional groups conformationally distinct ES complexes (designated as ES
and/or Mg* ions in the active site. Starting with the ES and ES), and the ribozyme interaction with thisGH
complex formed initially through WatserCrick base pairs,  facilitates the E§to-ES transition. This structural transition
the group | ribozyme docks the helix containing the substrate presumably precedes the bond-breaking event of the RNase
into the catalytic core involving a large-scale movement of P reaction, proposed to be catalyzed by at least twé™Mg
this helix prior to the transesterification reacti@gh7). The ions (13, 14.
bond-breaking step in both ribozymes presumably follows  This paper describes ribozymsubstrate interactions that
the conformational change and is catalyzed by*Migns. determine the choice of a catalytically importat®B group

The cleavage reaction by the ribozyme from bacterial in the substrate (designated a%OR*) and a possible
RNase P may also involve two distinct events after the structural transition between two ES complexes prior to the
bimolecular collision to form the ES complex. RNase P is bond-breaking event. A model for the structural differences
an essential endoribonuclease responsible for producing theamong these two ES complexes is proposed. We first
mature 5 end of all tRNAs in vivo 8, 9). The bacterial
RNase P is composed of one small prote_ml.3—15 |_(Da)_ 1 Abbreviations: C-domain or catalytic domain, originated from a
and one large RNA ~330—-420 nucleotides) which is  circularly permuted P RNA with the'Send at nucleotide 240 (the
capable of catalysis in the absence of the prot&d). (We C-domain contains nucleotides 24009+ 1—85 of B. subtilisP RNA);

; T c?, cleavage site between nucleotide$ and+1 of the pre-tRNA
have shown previously that the substitution of tHe substrate; holoenzyme, 1:1 complex between RNA and the protein

group at the cleavage site of a pre-tRN#substrate to M component ofB. subtilisRNase P; P RNA, RNA component &.
subtilisRNase P; iy cleavage site between nucleotide® and+3 of
T This work was supported by a grant from the NIH (GM52993). the pre-tRNA"substrate; S-domain or specificity domain, nucleotides
* Corresponding author. Telephone: (773)702-4179. Fax: (773)- 86—239 of B. subtilis P RNA; 2OH*, single 20H group in the
702-0439. E-mail: taopan@midway.uchicago.edu. substrate that confers a large effect on the cleavage rate.
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Ficure 1: (A) Independently folding domains &. subtilisP RNA. The catalytic domain (C-domain) contains nucleotides—241® +

1-85. The specificity domain (S-domain) contains nucleotides 2. (B) L-representation of the pre-tRR& substrate. The RNase P
ribozyme only interacts with the T stertoop and the acceptor stem of the tRNA. The correct cleavage 8isit€} is indicated by a thick

arrow, and the miscleavage site4site) is indicated by a thin arrow. Nucleotides in thidéeader are shown in lower case letters. The distal
interactions involve nucleotides in the T stefoop region, whereas the proximal interactions involve nucleotides in 'theaBler, the

3'CCA, and the 172 base pair. (C and D) Secondary structures of the two selected substrates used in this work. Only the portion in
substrate #17 that directly interacts with P RNA is sho@®).(

demonstrate with two in vitro selected substrates that the selected substrates were prepared by ligating a synthetic
2'0OH* does not need to coincide with, but is adjacent to the oligoribonucleotide containing either zero or ored2oxy-
cleavage site. The selection of a particulddB to be used  nucleotide to an RNA transcript containing nucleotides
as 20H* in a pre-tRNA"® substrate is determined by 7-113 of substrate #17 and nucleotides65 of substrate
ribozyme-substrate interactions that are both distal and #8 [Figure 1C,D 16, 17]. All RNA oligonucleotides were
proximal to the cleavage site. Similar results obtained in the custom-synthesized by Dharmacon Research (Boulder, CO)
presence of the RNase P protein suggest a role of this proteinsing novel 2protecting groups. The DNA oligonucleotide
in the facilitation of the ESto-ES transition. splint used for ligating the #17 substrat¢ CETACT-
TGAGCGAATCCGTGA, is complementary to nucleotides
MATERIALS AND METHODS —51t0+17, and that for ligating the #8 substratéGBTCG-
Preparation of RNA Substrateall pre-tRNA substrates =~ CCATCCCCCAGACTTGAGCGAATCCGTGA, is comple-
were made by ligating a synthetic oligoribonucleotide Mentary to nucleotidess to +29.
containing either zero, one, or twd-@eoxynucleotides to C-Domain of P RNAThe C-domain construct used in this
an RNA transcript containing nucleotides-106 of yeast work originated from a circularly permuted form of P RNA
tRNAPPe (Figure 1B) as described previouslil( 15. The with the 3 end at nucleotide 240 (Figure 1A). Nucleotides
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8_6_239 of theB. subtilis P RNA are deleted f!’om this Table 1: Effect of 20H — 2'H Substitutions on the Chemical Step
circularly permuted P RNA to generate a C-domain construct of Two in Vitro Selected Substrates

with the B end at nucleotide 240 and theehd at nucleotide ke (min D) AAGE ke (min D) AAGE
85. This construct is independently folded at comparable gypstrate (P RNAF  (kcal/mol) (holoenzyme) (kcal/mol)
Mg?* concentrationsKuy©"9 ~ 1.3 mM) as the full-length

P RNA (Kig®0 ~ 0.8 mM) (18, 19. The C-domain was g (1)) 50108 06 2erod 07
transcribed from a T7 RNA polymerase promoter, purified  2H(-1) 2.6+0.2 0.4 4.4£02 0.4
by denaturing gel electrophoresis, and stored in water. The 2H(-2)  0.047£0.003 2.9 0.67+0.02 16
RNA was renatured by heating in the reaction buffer #8 (all-ribo)  0.90+ 0.13 - 2.6+0.4 -

(generally 50 mM trisHCI, pH 8.1, or 50 mM MES, pH 6.1) 2H(-1)  0.65+0.11 0.2 1.4£0.1 0.4
for 2 min at 90°C, followed by 3 min incubation at room %: g:gg <8’_ggfo.01 >%_07 oféffg'ow _S:g

temperature. Mg was then added to appropriate concentra- ™ ~thed o atsaturatina 1 i
: H H H | represents the cleavage rate at saturating rioozyme concentrations
tions and the mixture incubated at 37 or 0 for 5 min. o 4 F% 471 M Sy Conditions: substrate #17 at 50 mM MES,

Ribozyme Preparation with P Proteiithe B. subtilisP pH 6.7, 50 mM MgC}, 37 °C; substrate #8 at 50 mM MES, pH 6.7,
protein was overexpressed and purified frdn coli as 10 mM MgCh, 1 mM spermine, 37C. > Conditions: substrate #17 at
described by the Fierke lal2@). The holoenzyme was 50 mM MES, pH 6.7, 10 mM MgGJ 37 °C; substrate #8 at 50 mM
reconstituted as describetiZj and was always at 1 mol of I'\r/1IE[IS<c (F)ZI'-lH?/IZC’ (.il(l) mj'\é')]""gTCrZ]Lel g‘:)'l\(’j' Shermine: SVT;CI:ﬁ;sAﬁ](Si;t_eRtEe
P prOtel.nll mol of P RNA. Far th‘.a C-domain reactions, thg utilizaltion of tlhe 20H at the—2 positions as the'@H*.

P protein was added to the previously renatured C-domain
at 10 mM MgC} at the ratio of one protein per RNA and ) ) )
the mixture incubated at 37C for an additional 5 min. cleavage rate at the highest ribozyme concentration used (20

Kinetics of the Cleaage ReactionAll kinetic reactions ~ #M) was ~2-fold less than the calculated cleavage rate at

were performed under single turnover conditions with-500  the saturating C-domain concentration.

20 000-fold molar excess of ribozyme over®®-labeled RESULTS

substrates. The final concentrations of the ribozyme range
from 0.5 to 20uM. All reactions with pre-tRNA substrates Effect of Single DH — 2'H Substitutions around the
were carried out at 37C in 50 mM MES, pH 6.1, or trisHCI,  Cleavage Site of Selected SubstrafEse model for cleavage

pH 8.1, 100 mM MgC, 0.6 M KCI for reactions without  site selection proposed in our previous woik)(suggests

the P protein and 50 mM MES, pH 6.1, or TrisHCI, pH 8.1, that the choice of DH* does not have to depend on the

10 mM MgCl, 2% glycerol for reactions with the P protein. location of the cleavage site. In the case of the pre-tRKA
The reaction conditions for the selected substrates are listedsubstrate, the’®H* coincides with the correct cleavage site,

in Table 1. but not with the miscleavage sites. Two in vitro selected

The details of kinetic reactions and data processing weresubstrates are used to test whether ti@ phenomenon
identical to those described earlierl( 19. Similar to the is general for other RNase P substrates. These two substrates
early studies, the cleavage sites at the correct (betweenare among the best characterized substrates from in vitro
nucleotides—1 and+1, Figure 1B) and incorrect (between selection, and they show no detectable miscleavhge2?.
nucleotidest+2 and-3) positions are designated asand Unlike the pre-tRNA substrate where the correct cleavage
m? sites, respectively. The reaction rates were determinedsite is at the end of the acceptor stem, the single cleavage
using equations for parallel reactiori). First, the amounts  sites in these selected substrates are located between the first
of individual reaction products [cpm(fP)and remaining and the second base pair of a short helix (Figure 1C,D).
substrate [cpm(g)were quantitated. The sum of the cleavage Single 20H — 2'H substitutions in both substrates show
rates ki) was obtained by fitting [fraction S remaining]( that the 20H group at the cleavage site-{ position) has
= cpm(Sy[cpm(S) + Zcpm(Pj] versus time {) with a no effect on the cleavage rate in both P RNA and holoen-
single-exponential function. The reaction rates for individual zyme reactions AAG = 0.2—0.4 kcal/mol, Table 1). In

cleavage sites were calculated according to contrast, the H — 2'H substitution at the-2 position in
. o both substrates decreases the cleavage rates significantly
ko =ky Ky (1)  (AAG = 2.9-5.0 kcal/mol for P RNA and\AG = 1.6—
2.3 kcal/mol for holoenzyme reactions, boldfacAdAG
de°= [cpm(P)ColZcpm(P)] K (2) values in Table 1). The extent of these large decreases is
comparable to the'@H* — 2'H substitution in the pre-tRNA
kc|m2 = [Cpm(p)mZ/ZCpm(p)] Ky (3) substrate AAG = 3.4 kcal/mol for P RNA andAAG = 2.1

kcal/mol for holoenzyme reactiond, 19]. As a control,

At least two ribozyme concentrations that differed by one other substitution at either the3 or the+1 position
5—10-fold were used in every reaction to ensure that the has only a small effect on the cleavage rate (Table 1). These
observed rate at the higher enzyme concentration was closeesults indicate that a uniquéCH is utilized as 20H* in
to saturation. Although saturation was obtainable in all but the selected substrates and thet2* does not coincide with
one case described here, it was necessary to use differenthe cleavage site.
ionic conditions for reactions with or without the P protein. Effects of Substrate Modifications Proximal to the Glea
This limitation, however, should not significantly affect our age SiteOur previous model for the cleavage step of a pre-
conclusions which are based on comparing the cleavage rate$RNA substrate suggests that even though the choice of the
among substrates containing a singdld 8ubstitution. In the 2'0H* is not determined by the location of the cleavage site,
C-domain reaction without the P protein, the observed the 2ZOH* is still confined in the vicinity of the cleavage
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Table 2: Effect of 5Leader/3 CCA Deletions and 72 Mismatches on the Chemical Step of a Pre-tRMA&ubstrate

substrate ko (Min~%) (P RNAY AAG (kcal/mol) ke (min~1) (holoenzymé) AAG (kcal/mol)
5'-cgcuc-tRNA 1.8+ 0.1 - 2.6+0.3 -
2H (-1) 0.0076+ 0.0002 3.4 0.08% 0.006 21
ACCA 1.0+01 0.4 [3.8% 1.7+0.1 0.3[2.7%
A—5,—4 3.5+0.2 —0.4[3.8] 3.5+0.2 —0.2[2.0]
A—5,—4,-3,-2 1.0+0.1 0.4[5.0] 0.5£0.2 1.0 6.0]
G1-A72 (all-ribo) 1.3+0.1 0.2 ()¢ 1.2+0.1 0.5 ()¢
G1L-A72 (2H(-1)) 0.0033+ 0.0002 3.7) 0.013 0.002 (2.8)
G1-U72 (all-ribo) 0.93+ 0.03 0.4¢) 14+0.1 04¢)
G1-U72 (2ZH(-1)) 0.0010+ 0.0002 (4.2) 0.0024- 0.0008 (3.9)

a Conditions: 50 mM MES, pH 6.1, 100 mM Mg&10.6 M KCI, 37 °C. P Conditions: 50 mM MES, pH 6.1, 10 mM Mggl37 °C. ¢In
brackets: —RTIn [ke(A,2 H)/ka(w.t., 20H)]; data for the H substrates are taken frorhl( 12). In parentheses=RTIn [kq(2'H)/ks(2'OH)]. The
AAG values of>3.0 kcal/mol for the P RNA and 2.0 kcal/mol for the holoenzyme reactions indicate that tig#Pat the cleavage site of these

modified pre-tRNA substrates is still used d©BR*.

site (L1). Hence, the cleavage site is used here as a referencgpair may contribute to the selection oiCH*. The ZOH*

point for our modifications. Two types of ribozyme

in a pre-tRNA substrate is uniquely located at the end of

substrate interactions can be proposed for the selection ofthe acceptor stem helix. The effects of GZ2 to GtA72

the 20H*. The first type involves the ribozyme interaction
with functional groups in the substrate proximal to the
cleavage site. The proximal interactions include theGCA,
the B leader (-5 to —1 nucleotides), and the 72 base pair
in the pre-tRNA substrate [Figure 1B,(11, 23-26)]. The
second type involves the ribozymeubstrate interactions
distal to the cleavage site. The distal interactions include the
T stem-loop in the pre-tRNA substrate [Figure 1B, 27
29)].

To test for contributions from proximal interactions in
selecting the DH*, cleavage rates for substrates containing

and GtU72 mutations show that the helical context is not
a determining factor in selecting th&OH* (Table 2). With
the all-ribo substrate, the effect of the/2 mismatch is less
than 2-fold (0.5 kcal/mol) in all cases. When th®©R at
the —1 position in 72 mismatched substrates is changed
to 2H, the cleavage rates are decreased-B3@0-fold (3.7
kcal/mol) for P RNA and>90-fold (2.8 kcal/mol) for
holoenzyme reactions (Table RAG in parentheses). These
results again indicate that thé@H* in the mismatched
substrates is at the identical position as the wild-type
substrate.

deletions or mutations are determined and compared to that Effect of the 172 Mismatch on the Miscleage at+2.

of the unmodified pre-tRNA® substrate (Table 2). The
2'0H* — 2'H substitution decreased the cleavage rate by
~240-fold (3.4 kcal/mol) for the P RNA or30-fold (2.1
kcal/mol) for the holoenzyme reactiorly, 13. If an
important contributor in the substrate is deleted or altered
to result in the loss of the’@H* interaction, the cleavage
rate should be decreased by a similar magnitude as@té*2
— 2'H substitution (i.e., 3.4 or 2.1 kcal/mal).

The contribution of 3CA and the 5leader in selecting
the 20H* is determined using substrates containingr3s
deletions. When'€CA or the—5 to —2 nucleotides in the

As previously reportedi(l, 19, our pre-tRNA"M substrate
miscleaves at nucleotides2 and —2 at ~1-10% of the
cleavage at the correct site (nucleotid#). The miscleavage
reactions are extremely useful in understanding ti@H2
utilization for cleavage at different site3l, 19. Cleavage

at the+2 nucleotide (designated as thé site as in our
previous work) can be accurately quantitated to illustrate how
this ribozyme selects'@H* for the correct (designated as
c®) and nt sites. Since the selected substrates are not
miscleaved, the%m? nomenclature identifies the cleavage
reaction of the pre-tRN&®substrate in this work. We focus

5 leader are deleted, the effects on the cleavage rates aren the differential effects of-¥2 mismatches and@QH —

much smaller than 3.4 kcal/mol for the P RNA and 2.1 kcal/
mol for the holoenzyme reactions (Table 2). When tt@H2

at the —1 position is changed to'H in the substrates
containing 3CCA or 5 leader deletions, the cleavage rates
are decreased by420-fold (3.8 kcal/mol) for P RNA and
>26-fold (2.0 kcal/mol) for holoenzyme reactions (Table 2,
AAG in brackets). These results indicate that the pre-tRNA
substrates with '€ CA and 5 leader deletions still employ
the same DH* as the wild-type substrate.

Although the WatsonCrick base pairs for the -T2
nucleotides are universal, their sequences are not conserve
among natural tRNAs<70% G+C72 and 30% others30)].
Since 20H groups are conserved in natural pre-tRNA
substrates, the choice folCH* is unlikely to be determined
by an entity not present in all tRNAs. Therefore, the
possibility for the sequence identity of the72 Watsor-
Crick base pair to position'@H* was not tested experi-
mentally.

Although the sequence of the7R Watsonr-Crick base
pair should not matter, the helical context of th& 2 base

2'H substitutions on tand nt cleavages (Table 3). Both
C72— A72 and C72— U72 mutants show similar effects
(not shown), and only thé\AG values for the GIA72
substrate are given in Table 3 for clarity.

The G:C72— G1-A72, the 20H (¢®) — 2'H, and the
2'0OH (n?) — 2'H modifications can be considered as three
components in determining the efficiency of the cleavage
step. For Bcleavage, the only significant effect is the®4
(c® — 2'H modification (rows -3, Table 3). In all but one
case, the effect of double modifications is additiveAiNG,
duggesting that these components act independently (rows
4—6, Table 3). For the holoenzyme reaction, simultaneous
G1-C72— G1-A72 and 20H (c°) — 2'H modification has
a slightly larger effect (3.3 kcal/mol) than the sum of the
AAG values of either modification alone (0-6 2.1 kcal/
mol). This nonadditivity inAAG suggests a small cooper-
ativity in the ribozyme-substrate interactions involving the
G1-C72 base pair and the@H ().

In contrast, both GL72— G1-A72 and 20H (c®) — 2'H
modifications have large effects on’roleavage. Simulta-
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Table 3: Differential Effect of GIC72 — G1-A72 Mutation and 2D0H — 2'H Substitutions of the Pre-tRNA¢ Substrate on the®@and n?
Cleavages

AAG (P RNAR AAG (holoenzymée)

substrate modification %c m? c? m?
C72— A72 0.2 1.8 0.5 2.1
2'0OH (®) — 2'HP 3.4 3.3 2.1 2.3
2'OH (m?) — 2'HP -0.2 -0.1 -0.1 0.2
C72— A72 and 20H (¢®) — 2'H 3.9 4.0 3.3 2.4
C72— A72 and 20H (m?) — 2'H 0.1 1.6 0.1 1.8
2'0OH (&) — 2'H and 20H (m?) — 2'HP 3.0 3.4 2.0 2.4
C72— A72 and 20H(c®) — 2'H and 20H(m?) — 2'H 4.1 4.3 3.4 55

a AAG = —RTIn [ka(modified)ke(w.t., all-ribo)], in kcal/mol.AAG > 0: the cleavage rate is decreased for the modified substrates. <
0: the cleavage rate is increased for the modified substrates. Reaction conditions for P RNA: 50 mM MES, pH 6.1, 100 mN.MyCKClI,
37 °C. Reaction conditions for holoenzyme: 50 mM MES, pH 6.1, 10 mM Mgg&T °C. ? Data from (1, 12). ¢ The boldfacedAAG values for
the holoenzyme reactions indicate utilization 6DRBI(nm?) as 20H* for m? cleavage when-Z2 is mismatched and the Rosition is H at the €
position. See text for detailed explanation.

neous GiC72— G1-A72 and 20H (c®) — 2'H modification have been identified to directly interact with the ribozyme,
has a significantly smaller effect (4.0 and 2.4 kcal/mol) than each contributing 42 kcal/mol in substrate bindind 2, 195.
the additiveAAG of either modification alone (1.8 3.3 Single 2H substitution of these'@H groups has, however,
and 2.1+ 2.3 kcal/mol; Table 3). These results suggest that little effect on the cleavage rate. Therefore, elimination of
the large effect of either GC72— G1:-A72 or ZOH () multiple interactions in this region may be necessary to
— 2'H modification alone on rhcleavage can be attributed observe their collective effect oi@H* selection. Deletion
to a partial loss of function of the unmodified entity [i.e., of the distal interactions can be accomplished either by
2'0OH (&®) or G1:C72] upon modification of the other [i.e., replacing the T stemloop in the pre-tRNA substrate by a
G1:A72 or 2ZH (c")]. There is, however, an alternative tetraloop or by deleting the specificity domain in tBe
scenario in which the'®H at the n site may be used as  subtilis P RNA (nucleotides 86239) which interacts with
the ZOH* for m? cleavage, only when the 42 nucleotides  the T stem-loop (27—29). Since the tetraloop addition in a
are mismatche@nd the @ site contains a'®. The holo- modified substrate may interfere with ribozyme activity, we
enzyme reaction is consistent with this alternative interpreta- choose to delete the S-domain originating from a circularly
tion: the triple modification, GIC72— G1-A72 and 20H permuted P RNA 36, 37. This construct (denoted as
(c® — 2'H and 20H (n?) — 2'H, decreases the cleavage at catalytic domain or C-domain) contains nucleotides-240
the n? site by a much greater extent than the double 409+ 1-85 of theB. subtilisP RNA and folds stably and
modification, GAC72— G1-A72 and 20H () — 2’H (5.5 independently as analyzed by a variety of biochemical assays
versus 2.4 kcal/mol). The triple and double modifications including hydroxyl radical protection and catalytic activity
have essentially the same effect on the P RNA reaction (4.3with the selected substrate #89.
versus 4.0 kcal/mol), suggesting that theld (n?) utilization The C-domain accurately cleaves the pre-tRNAubstrate
as 20H* is unique for the holoenzyme reaction. in the absence and presence of #iesubtilis P protein

Effects of Ribozyme Modifications Distal to the Glage (Figure 2 and Table 4). Furthermore, the C-domain reaction
Site.Two types of experiments can be designed to test how produces the same miscleavage pattern as the wild-type
ribozyme-substrate interactions distal to the cleavage site ribozyme. Cleavage by the C-domain in the presence of P
(Figure 1B) determine the choice ofGH*. The first type protein requires less thangaM ribozyme to reach 50% of
involves insertion or deletion of one base pair between the the maximal cleavage rate (Figure 2). In the absence of the
T stem-loop and the site of '®H* to shift the position of P protein,~20 uM ribozyme is needed to reach 50% of the
the 20H* by one nucleotide. Unfortunately, changing the maximal cleavage rate (data not shown);20is the highest
number of base pairs in the T stem also alters the orientationribozyme concentration used in our experiments. Therefore,
of the T stem-loop to the D stemloop and the variable the cleavage rates can be accurately determined with the P
loop in tRNA to result in misfolding31, 32. Hence, results  protein and within 2-fold without the P protein (Table 4).
from T stem insertion/deletion are unlikely to be conclusive Compared to the wild-type ribozyme, the cleavage rates are
due to the potential misfolding of tRNA3B). Insertion/ reduced by~25 000-fold for the C-domain reaction without
deletion of one base pair in the acceptor stem essentiallythe P protein and by only40-fold with the P protein. The
shifts the 5leader by one nucleotide and is almost equivalent 2’0OH (c®) — 2'H substitution decreases thé deavage by
to some natural pre-tRNA substrates where-tfieand+73 ~230-fold (3.3 kcal/mol) for the C-domain alone ar@200-
nucleotides are base paired. In all but one natural substratesfold (4.7 kcal/mol) for the reaction with P protein. On the
the —1-73 pair has little effect on cleavage efficienc34( other hand, the cleavage rate upofOB (c¢®) — 2'H
35). A pre-tRNA"® substrate in our previous work had a substitution only decreases wieavage by~4—6-fold (0.8
U1-A73 base pair, and this substrate has the identi€H2 1.1 kcal/mol) with or without the P protein (Table 4). When
as the CiA73 substrate {1, 19. Hence, changing the the ZOH at the m site is substituted with'Bl, n? cleavage
number of base pairs in the acceptor stem cannot providedecreases by-5-fold (0.9 kcal/mol) without and-42-fold
direct evidence on the role of distal interactions. (2.3 kcal/mol) with P protein, while th€’ cleavage remains

A second type of experiment involves deletion of the distal unaffected. These results show that deletion of the distal
interactions. At least threéQH groups in the T stemloop interactions changes the rule for tH©®21* selection. For ¢
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C-domain/P protein 1uM 10 M 1pM 10 uyM
Substrate d-1 d-1 r-1 r-1
0TI OHO250507515 5 15 30' 0250507515 5

15 30" 02505075 1.5 5 15 30' 0250507515 5 15

W IR S g i

W R e

Ficure 2: Cleavage of the pre-tRNAe substrate by th@®. subtilisC-domain in the presence of equal molar quantitie® ofubtilis P

protein. The substrate is-%P-labeled and has either 42(d-1) or a 20H (r-1) at the € site. The cleavage rates differ by less than

1.6-fold at 1 and 1Q:M ribozyme concentrations. Therefore, the reactions aul¥0ribozyme are considered to be at saturation. The
reaction times are given in minutes above the labeled substrates. The three cleavage products are indicated at the right side. The bands
labeled by “x” represent substrates that are nicked at USA9 and U13A14 of tRIAor to the addition of the ribozyme. These nicked
substrates are only present in this particular substrate preparation and have no effect on the cleavage pattern. TipandaDiliclease

T1 digestion and alkaline hydrolysis of the same substrate, respectively.

Table 4: Effect of S-Domain Deletion on the Chemical Step of a Pre-tRNBubstrate

Kobs (Min~?) AAG ket (Min~?) AAG
substrate cleavage site (C-domain only} (kcal/moly (+P proteiny (kcal/moly
all-ribo [ox (7.1+£0.4)x 1073 — 13+1 —
m? (0.224-0.08)x 1073 . 0.64+0.26 .
2'0OH(P) c® (0.031+£0.017)x 1073 33 0.00584- 0.0017 47
—2'H m? (0.058+0.018)x 1072 0.8 0.104+:0.01 1.1
2'OH(mP) c° (4.4+£0.4)x 103 0.3 13+ 1 0.0
—2'H m?2 (0.048+40.021)x 1073 0.9 <0.06 >1.4
2'OH(,m?) c® ND¢ 0.00574-0.0012 47
—2'H m? 0.00244 0.0010 34

aConditions: 20uM C-domain, 50 mM TrisHCI, pH 8.1, 100 mM Mggl0.6 M KClI, 37°C. Thekqsis estimated to be within 2-fold dé;.
b Conditions: 1QuM C-domain+ P protein, 50 mM TrisHCI, pH 8.1, 10 mM Mgg&I37 °C. ¢ The AAG values for the DH — 2'H substitution
at the cleavage sites are underlined.

cleavage, the'®DH at the € site is always used as th&3H* attributed to the optimal orientation of two motifs in the
for both wild-type ribozyme and C-domain. Fof sieavage, active site of the ribozymel@). One motif binds the "DH*
the 20H at the € site is always used as théaQH* for the and is fixed for all cleavage sites. The other motif interacts

wild-type ribozyme. This constraint is relaxed for the with the B three nucleotides to the respective cleavage site
C-domain where the’'@H at the m site can be selected as  (j.e., nucleotides-3 to —1 for ¢ cleavage or1 to +2 for
2'0H*. m? cleavage, Figure 1B) and the scissile borftbfar? site).

To explain the positional shift of the’@H* in the  gince one of the two motifs is spatially fixed, both motifs
C-domain reactions, we propose that th®2* is selected  haye different juxtapositions for different cleavage sites in
by a combination of three regions of interactions. TWo e ES complex. Presumably for a pre-tRNA substrate, the

regions deal with ribozyme interactions with the tRNA et orientation for the subsequent bond-breaking step is for
component, and they select th&OH at the € site to be the 20H* to coincide with the cleavage site.

utilized as 20H*. The dominant of the two involves the , : . L
distal interactions, i.e., the T stertoop in the tRNA. The This three-region model predicts that upon elimination of

distal interactions may function as a ruler to confine the the dominant T stemloop interaction through S-domain

2’0OH* selection within a very limited range. The other deletion, the DH* selection would now depend on the
interaction involves the '8CA and the 172 base pair in relative magnitude of the’@CA/1-72 interaction to the's

the tRNA; they play a positive role in selecting theOH leader interaction. If the distal interactions play no role in
(c®) as the 20H* due to their relative positions in the pre- the selection of DH*, cleavage by the C-domain and the
tRNA substrate. wild-type ribozyme should have identicdl@H* utilization.

In contrast, the third region involves ribozyme interactions Our results clearly show that the location 6OB* changes
with the 5 leader which favor the selection of th&OH at upon S-domain deletion. Hence, the distal ribozyme
the respective cleavage site to be utilized &H*. As substrate interactions significantly contribute to the selection
discussed in our previous work, this third effect may be of 20OH*.
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DISCUSSION reactions with or without the P proteity40 versus~25 000-
fold). In the presence of the P protein, th®©R* — 2'H

Two ES Complexes in RNase P Catalydis&omprehen- substitution decreases the cleavage rate-B200-fold for
sive model including two ES complexes can be proposed to the C-domain reaction, in contrast to a decrease of o139-

explain all the results described here: fold for the same reaction by the holoenzyme. Presumably,
the Keq for the C-domain reaction with the P protein has
@ dropped to much smaller than 1. Therefore, the cleavage rate

for the C-domain with P protein is decreased by a much
larger magnitude upon @H* — 2'H substitution compared

to the holoenzyme reaction. Without the P protein, ti@H

— 2'H substitution decreases the cleavage rate by the same
~240-fold for reactions with the C-domain and the wild-
type P RNA. Since th&., for the P RNA is less than 1 to
begin with, a 20H* — 2'H substitution would have the same
magnitude on the P RNA and the C-domain reactions. These
results are consistent with the S-domain deletion a@dH2

K & o
2/ EeS, T—=> EeS, —1—> Eep*)
E +5S =
T2 pes, T Ees, > B ™)
s o &

q

In this model, formation of ESis determined by the
concentration-dependent bimolecular collision of the sub-
strate with the ribozyme25, 38. Only a subset of ri-
bozyme-substrate interactions are present in E#d these - : :
interactions determine the bimolecular binding constigt ( ste2 H substitution affecting the same event in the cleavage
of the ribozyme-substrate complex. They include the P-

interactions with the T stemloop, the 5 leader, and the A Structural Model for the ES&0-ES Transition. Our

3 CCA/1-72 base pair in the pre-tRNA substrate. ;ES Structural modelis based on the distal interactions playing a
undergoes a concentration-independent conformational changéarge role in determining the cleavage rate (Figure 3). In this
to allow additional ribozyme interactions with theQH*, model, the Egto-ES transition is strongly influenced by
possibly thepro-R, oxygen at the tsite (11, 39, and maybe  the orientation of the S- and C-domains of P RNA. There is
others. The ESto-ES transition corresponds to a confor- little evidence for appreciable domaidomain interaction
mational change and may not be pH dependkntorre- in theB. subtilisP RNA as demonstrated by hydroxyl radical
sponds to the MAj-dependent bond-breaking step and is Protection and catalytic activity using both domains in trans

likely to be pH dependent. The observed cleavage rate at[(18) and unpublished results]. Therefore, these domains may
saturating ribozyme concentratiofy) is pH dependent.  €ither be flexible to each other or have a different orientation

Therefore, it is likely that the equilibrium between £shd in the absence of the P protein or a bound substrate. Binding
ES is established much faster than thestep, so thaky = of the P protein to both domains as indicated by hydroxyl
[Ked(1 + Keglke (22). This model is supported by the radical protection11) fixes the orientation of the domains
following observations: for optimal binding of the biological substrates.

(1) Location of the 20H* Relative to the Cleaage Site Formation of the EScomplex is a bimolecular process

For the selected substrates and the miscleavage of the preand depends on the concentration of the ribozyme and the
tRNA substrate, the'®H* is not located at the cleavage substrate. Specific sites in the P RNA bind the T stem
site, but significantly affects the cleavage rate. Therefore, loop, the 3CCA, and the—1 to —3 nucleotides of a pre-
the location of the cleavage site does not determine thetRNA substrate in the EScomplex. There are two major
selection of the DH*. Our model proposes that theH* differences, however, between the,B@th or without the
interaction increases the equilibrium from B8 ES. Since P protein. First, the P protein directly contacts théto —7

the 2Z0H* can be located at one or more nucleotides away nucleotides in the 'Sleader 26, 40. This extra 5 leader
from the scissile bond, they are unlikely to participate directly interaction increases the holoenzyme affinity for the substrate
in the bond-breaking step. by >1000-fold under physiological condition®q, 38.

(2) Differential Magnitude of DH—2'H Effects Substitu-  Second, the P RNA binds to a larger area of the T stem
tion of 20H* — 2'H produces the same qualitative, but 100p region than the area contacted by the holoenzyme. This
significantly different quantitative effects for the P RNA and extra T stemloop interaction increases the P RNA affinity
holoenzyme reactions. This result can be explained if the for the pre-tRNA substrate by-100-fold at high Mg*
2'0H* — 2'H substitution affect¥eq but not thek, step.  concentrations1().

For the holoenzyme reactioleq> 1, so thatKed(1 + Keg) Formation of the EScomplex is concentration indepen-
approximates 1. In such a case, even though the decrease ident. Our model proposes little change in the domain
Keq upon 20H — 2'H substitution is large, the observed orientation for the holoenzyme in the E®-ES transition
decrease in the cleavage rate will not be proportional to the for c® cleavage, since the domains are already properly
decrease ieq FOr example, iKeq of the wild-type substrate  oriented upon P protein binding (Figure 3). Hence, kag

is approximately 35, a hypothetical decreas&gfoy 1000-  of the holoenzyme reaction is much larger than 1. In contrast,
fold would only generate an observable effect-c§0-fold. the P RNA-substrate complex undergoes a conformational
For the P RNA reaction, howevefe, < 1, so thate /(1 + change in two possible ways. The domain orientation in ES

Keg) can approximat&eq In this case, a hypothetical decrease can become identical to their counterpart in the holoenzyme.
of Keq by 1000-fold would generate an observable effect of This reorientation loses the extra T stetoop interaction
~1000-fold. and is therefore unfavorable. Alternatively, the T stdopp

(3) Deletion of the S-DomairThe S-domain deletion can interaction is maintained in ESinstead, the structure of the
be proposed to affede, but not thek, step. This hypothesis  linker region in the substrate can be changed to accommodate
stems from the observed differential magnitude of the the altered domaindomain orientation. The second scenario
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S-darmain inleraction Bemd linker regien
P RNA = Ha n:n!:f-.ll. i -E-r'l-l'l.':-llb:lr:llbl-ﬂllﬂu

;%}n&@
ES

1

E ESy

Holoenzyme

e —

E ES, ES»

Ficure 3: Structural model of the ESo0-ES transition. Red, S-domain; yellow, C-domain; green, P protein; gray ribbon, the tRNA
portion of the pre-tRNAMesubstrate; thick solid line, thel to —3 nucleotides in the'3eader; thick dashed line: the4 to —7 nucleotides

in the 8 leader; shaded oval, location of the S-domain in the presence of P protein. The S-domain in the P RNA without the P protein may
be dynamic. The "®H* is shown as a gray circle, and its interaction with the ribozyme is indicated by changing the gray circle to a blue
square.

is consistent with the observation that in vitro selection protein in the holoenzyme is presumably restrained from
performed with P RNA alone yielded substrates with much direct interaction with the-5 to —1 nucleotides due to the

less structured linker regions compared to tRN22)( steric restriction imposed by the T stettoop binding to
Chemical modification showed that the coaxially stacked T the S-domainand through ribozyme interaction with the
stem and acceptor stem may become unstackadPi RNA- 2’0H* at the & site. These interactions can increase the

tRNA complex @1, 42, suggesting that tRNA can change fidelity of the holoenzyme reaction for biological substrates.

its s_:tructqre ir_1 the linker region. This second way of Comparison of the ES0-ES Transition to the Group |

reorientation disrupts the can|aIIy stacked T stem and the Ribozyme Reactiowo distinct ES complexes, designated
acceptor stem of tRNA and_ is again unfavorable. Therefore, ESypen @nd ESwseq are described in the group I ribozyme
the Keq Of the P RNA reaction is less than 1. catalysis (reviewed by ref). EQpenrepresents a concentra-

rib-(l;zempeurmzr:cot]ico:ge V\I;:iltsho’-QE)az* trar;zlgi(t))? 'fhéo a:lcligpw tion-dependent, bimolecular association of the ribozyme and
y » P y P the substrate to form the P1 helix. Sq represents a

oxygen at the tsite in the pre-tRNA substrate, and maybe C o L

otﬁ/(gr functional groups toqake place. The conformatio);] of concentration-independent binding step of the P1 helix into
o PP the active site. The ESo-ES transition of the RNase P

he E I I h o L

the ES complex may be crucial in positioning the proposed reaction is analogous to the ESrto-ESieseq transition in

Mg?* ions in the active site to carry out the hydrolysis of . - ; . :
the phosphodiester boné) which additional ribozyme substrate interactions take place.
' The interactions in ESor ESeseapresumably allow precise

Involvement of the P Protein in the E€omplex.As e . ¢ .
mentioned earlier, P protein binding may fix the orientation POSitioning of the catalytic My ions required for the bond-

of the P RNA domains to favor the ESomplex. The P breakin_g s_tep..The di_fference between RNase P and group |
protein, however, also influences the choice ti* for catalysis lies in the involvement of the substrate and the
® and n? cleavage in a pre-tRNA substrate, possibly through Structural nature of this transition. The &&t0-ESiosed

its direct interaction with the'Seader. When the S-domain ~ ransition only requires the ®alf of the substrate, whereas
is deleted, the P protein may no longer be stably associatedh® ES-t0-ES transition requires the tRNA and thelgader
with the C domain12). The only way for stable association component of the substrate. Theg#to-ESyoseqtransition

of the P protein and the C-domain may be the binding of a reéquires the movement of an RNA helix into a preformed
pre-tRNA substrate to form a ternary complex. The P protein binding cleft @3). The ES-to-ES transition for the P RNA

in the ternary complex can bind te4 to —7 nucleotides in reaction may correspond to a change in orientation of the
the ES complex destined fof cleavage, but also te'5 to two independently folding domains and/or alteration of the
—1 nucleotides in the ES complex destined fdraieavage. linker region in the substrate. Absent in group | catalysis is
P protein binding to—5 to —1 may explain the significant  the unique role of the P protein. Besides interacting directly
utilization of the 20H (n?) as the 20H* for m? cleavage  with the 3 leader, P protein may preorient the P RNA
(Table 4). P protein binding te-5 to —1 may also occur in ~ domains to be closer or even identical to their conformation
the holoenzyme reaction when tHesite contains a'® and in the ES complex to significantly increase the cleavage
the 172 is not base paired (Table 3). Taken together, P step of this enzyme.
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