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ABSTRACT: The catalysis by the ribozyme from bacterial RNase P involves specific interactions with the
structure of the tRNA substrate. Recognition of the T stémop by this ribozyme occurs in a groove-

like structure dictated by the tertiary folding of tRNA [Loria, A., and Pan, T. (198igchemistry 36

6317]. Effects of 20H — 2'-H modifications within the acceptor stem and tHdéader on substrate
binding and catalysis are determined using a tRNAubstrate that is significantly cleaved at more than

one site. In all but one case, theédzoxy substitution has little effect on binding for cleavage at the
correct and incorrect sites. Substitution of tHeO group at the correct site, however, decreases the
cleavage chemistry by more than 3.4 kcal/mol for cleavage at both the correct and incorrect sites.
Substitutions of the '20H groups at the incorrect sites have no effect for cleavage at the incorrect and
correct sites. Truncation of thé [Bader results in differential effects on cleavage at different sites. These
observations lead to a model in which cleavage at the correct and incorrect sites involves formation of
different ribozyme-substrate complexes depending on binding of specific nucleotides in teader.

Binding of the T stemrloop of tRNA and the 20H group at the correct cleavage site is common for all

ES complexes. An A/U-rich'3eader significantly promotes formation of the ES complex and accelerates
the cleavage chemistry over those of a C/G-ritke&der, but only moderately enhances cleavage at the
correct site over cleavage at the incorrect sites. Since cleavage at different sites requires formation of
different ES complexes, cleavage site selection can occur at the level of the ES complex and at the chemical
step.

Ribozyme catalysis requires specific recognition of the the affinity of the P RNA-tRNA complex (L8). In contrast
structure and/or sequence of the substrate and precisdo the P1 helix in the group | ribozyme, the T stefoop of
positioning of designated functional groups in the active site. a tRNA is more than 30 A away from the reactive phosphate
The well-characterizedTetrahymenagroup | ribozyme where catalysis is carried out. A large body of evidence
recognizes its substrate initially through Wats@rick base suggests that the acceptor stegh CCA region plays a
pairing in forming the P1 helixl). The P1 helix is then  pivotal role in the positioning of the reactive phosphate into
precisely positioned into the active site through specific the RNase P active sitd§, 17, 19, 20).
interactions between the catalytic core of the ribozyme with  This paper describes the effects of site-specific modifica-
four 2-OH groups and the exocyclic 2-amino group of a tions in the acceptor stem and in thel&der on substrate
G-U wobble pair 2—6). How the P1 helix is positioned in  binding and catalysis by the P RNA component of RNase
the catalytic core determines the catalytic efficiency and the P. The tRNA" substrate employed in this work is signifi-
location of the cleavage sit&,(8). cantly cleaved at more than one site. Surprisingly, our results

Substrate recognition and active site positioning for the indicate that a single, specifi¢-©H group has an identically
ribozyme from bacterial RNase P involves RNA structures large effect on cleavage efficiency at all sites. This is in
more complex than a single helix. Bacterial RNase P is contrast to the group | ribozyme where different sets’'ef 2
composed of one 330420-nucleotide RNA and a 1315 OH groups are utilized for different cleavage sites. We
kDa protein 9, 10). RNase P is responsible for generating provide evidence that cleavage at different sites involves
the mature 5end of all tRNAs in vivo through a specific  interaction of different nucleotide residues in tHdeader.
endonucleolytic cleavage reaction. At high #Mgand The B leader nucleotide which is bound in the ES complex
monovalent ion concentrations, the RNA component alone is a major determining factor in guiding the reactive
(denoted P RNA) is nearly as active in vitro as the P RNA phosphate into the active site.
protein complex 11, 12). P RNA primarily recognizes the
T stem-loop and the acceptor ster3' CCA of a tRNA MATERIALS AND METHODS
(13-17). The recognition of the T sterrloop occurs Modified tRNA SubstratesAll tRNA substrates containing
through tertiary interactions and contributes significantly to a single or double '2deoxynucleotide are prepared as
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A, AUc2® 7 72 ¥ The reaction rates for cleavage at the corrdxﬁ;s)( and

CACAGAAUUCGCACCA . o : ;
G NEERREREERY incorrect (@‘;sandkg“bsl) sites were determined using equa-

14 2 3

C. yGUGUCUUAGGCGcycgC 5 tions for parallel reaction®2@). The amounts of individual
s6 U 5, 53 ‘ | * * T * P reaction products [cpm(fP)and remaining substrate [cpm-
m?m!| m? (S)] were quantitated. The sum of the reaction rates)(
° were obtained by fitting [fraction S remaining]= cpm-
(S¥[cpm(S) + Ycpm(P)] versus time 1) with a single-
B. o T1 OH 15" 60" 120" exponential function. The reaction rates for individual
cleavage sites were calculated using the equations

kobs: kgi)s-i_ kg]tfs-i_ kgnl)_sl (1)
Kibs= [cPm(P)"/y cpm(PYkyps 2)
Kihs= [cPM(PY™/S com(PYkyps (3)

=
—r
= -1 -1
— kg]bs = [cpm(P)m /ZCpm(P)] kobs (4)
- =
T e An equilibrium binding constan®) and the cleavage rate
g at saturating ribozyme concentratiork€’ for cleavage at
T m—en the @ site can be obtained using the equation
-
o
g e = ) @ _ 10 [E] (5)
' < m bs — ~o
- W < m * KC+E]
< c° i .
L = -< m k® andK® are defined as the maximum cleavage rate and
e b the ribozyme concentration at which the cleavage rate equals
l_,.'-"' k®/2 in single-turnover reactions, respectivelk’ and K&
"" are equivalent tde,; and Ky, in multiple-turnover reactions.
They are used here to indicate that all kinetic parameters

are obtained under single-turnover conditions.
Ficure 1: (A) Nomenclature of the nucleotides in the T stem For the miscleavage reactions, the formation of th&’ES
loop, the. acceptor stem, and theléader region. The locations of C%@Ier):zian n?_el consugoe_red nonproducnve_ bmdlng. Hence,
the single 20H — 2'-H substitutions are indicated by numbered K® = K™ =K™", andK is lower than the b'?dlng cgnstant
nucleotides. (B) Cleavage at the correct and alternate sites using 5for the ES complexis = k-1/k;; 23). Thek™ andk™ " for

32p-labeled tRNAMe substrate. The T1 and OHlanes indicate ; ; ; 2 =
partial nuclease T1 digestion and alkaline hydrolysis of the same :/her m|scéeavai1r?e t?:tes aretiogtamed by fittklg, and ks,
substrate. Cleavage at the correct site is designated, aand ersus [E] using the equations
cleavages at the alternate sites are designated §smh and n?.

The 3 ends of the § m™, and n? 5 products using the k?z _ km2 (E] (6)
2'-ribosubstrate were confirmed by %3pCp ligation followed by bs KCO +E

two-dimensional thin-layer chromatography (not shown). The [E]

smearing of the possible Inproduct shown here is attributed to

comigration of the bromophenol blue dye marker. Due to the minute kgrl — g m [E] @)
amount and ligation efficiency, the 'nproduct was not analyzed bs KCO + [E]

by thin-layer chromatography.
Assuming the dissociation constarits,j for the ES complex
are much faster thaky, we find that the actuak® andk
values are composed of the following terms:

substrate with the'3CCA deletion was prepared by ligating
an RNA oligo containing nucleotides 493 of tRNAP"to
the remainder of the substrate. The residu&2 mutants

were made by ligating an oligoribonucleotide to 9 of O 4P m? m-1

the pre-tRNA" substrate shown in Figure 1A) to RNA VK™= 1K + 1K™ + 1K, (8)

transcripts containing tRNZ® residues 1676 with ap- @ ©\-1

propriate mutations. K = k®l1 + K_s + Ks 9)
Kinetics of the Cleaage Reaction.All kinetic measure- 2 KM gm?

ments were performed under single-turnover conditions with S S

a 10-10000-fold molar excess of P RNA over®P-labeled mem? |1

substrates. The final ribozyme concentrations range from km2 = k2m2 1+ _SO + Sfl (10)

0.005 to 25uM. The ribozyme and the substrates are K K

renatured as describe®d). The details of kinetic reactions

are identical to those described in re8. Unless noted . . mtokm T

otherwise, all reactions were carried out in 50 mM buffer K" =k |1+ +— (11)

c0
(pH 6.1-8.1), 100 mM MgC}, and 0.6 M KCl at 37°C. Ks s
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Table 1: Effects of Substrate Modification &° andk® with
Substrates Containing &-BReoxynucleotide at the’Site

Table 2: Effects of Substrate Modification &° and k® with
Substrates Containing a-Ribonucleotide at the’csite

AAG AAG AAG AAG AAG AAG
substrate K uM) (KO k(min ) (k)P (KUK substrate k® (uM) (K9P k® (min™h) (k)P (KE/KS)P
(d-1) 0.14+ 0.03 - 27402 - - (r—1)  0.013£0.004 -  1.84+0.1 - -
d71 0.39+ 0.08 0.6 20t0.1 0.2 0.8 d+1 0.019+ 0.001 0.2 1.5-0.02 0.1 0.3
d72 0.27+ 0.07 04 1.3t01 0.4 0.8 d+2 0.022+ 0.004 03 2301 -02 0.1
d+1 0.284+0.08 04 2402 0.1 0.5 a+3 0.022+0.003 03 2401 -0.2 0.1
d+2 0.224+0.03 0.3 26t0.1 0.0 0.3 _ _
443 0.31+ 0.03 05 37L01 02 03 d-3 0.021+ 0.002 0.3 28:0.1 0.3 0.0

aConditions: 50 mM MES (pH 6.1), 100 mM Mggland 0.6 M
d—-3 0.18+ 0.05 0.2 25t02 0.0 0.2 o L .
d—2 0.83+ 013 11 2302 0.1 12 KCl at 37°C. " AAG in kilocalories per mole at 37C.
ACCA® 1.6+0.3 1.5 0.29+0.02 0.8 2.3
Al-U72 0.32+0.04 05 043:002 1.1 1.6 those in the group I ribozyme reaction. To ensure that such
C1-G72 0.08+0.01 —-0.3 6.3+0.2 —-0.5 —-0.8 ;
small effects are not due to thé-R at the cleavage site,

U1l-A72 0.224+0.05 0.3 1.9t0.2 0.2 0.5 9

a Conditions: 50 mM Tris-HCI (pH 8.1), 100 mM Mggland 0.6
M KCl at 37 °C unless noted otherwisBAAG in kilocalories per mole
at 37 °C. ¢ Conditions: 50 mM Tris-HCI (pH 7.8), 100 mM Mggl
and 0.6 M KCl at 37°C.

wherek; is the chemical step of the reaction at the respective

cleavage sites.

RESULTS

Effects of single 20H — 2'-H Substitutions in the
Acceptor Stem and the' %eader. Contributions of 2
hydroxyl groups were first examined using a pre-tRIA
substrate containing twd-2leoxy substitutions (Figure 1A),

four additional 2-modified substrates containing &QH
nucleotide at the cleavage site were analyzed kinetically
(Table 2). Although the chemistry for a ribosubstrate at pH
>7.0 is too fast for manual measurement, the strong pH
dependence d&° (12, 24) allows convenient determination
of K® andk® at lower pH. Effects of the ' 20H — 2'-H
substitution in the ribosubstrate background are identically
small compared to those in the deoxy substrate background
(Table 2).

Effects of 172 Base Pair Mutations.The 1:72 base pair
in the acceptor stem is sterically accessible from both the
major and minor groove sides and has been suggested to
participate in the P RNAtRNA interaction ). Mutation
of this base pair in our tRNAe substrate from GLT72 to

one of which was always at the cleavage site and slows thethree other WatsonCrick base pairs produced different
maximum cleavage rate of the single-turnover reaction by effects depending on the identity of the base pair (Table 1).

several hundred-fold1®, 24). The cleavage reaction was
carried out at slightly higher pH~8.1) than previous
experiments 18) to fully explore the effects of single'-H

The largest effect was observeddfiKe (1.6 kcal/mol) with
the Al:U72 mutant; otherwise, the effects are modest.
Further analysis of the UA72 mutant suggests, however,

substitutions on the cleavage rate. The nucleotides of interesthat the effect oiK® can be larger at lower Mg concentra-
in the acceptor stem include nucleotides 71 and 72 which tions AAG = 1.1 kcal/mol at 40 mM MgGl data not

were implicated to affect catalytic efficiency?2%) and
nucleotides 3 for their proximity to the cleavage site
(referred to here as thé site). The 2H substitutions at
those five positions result iK® increases of less than 3-fold
(<0.6 kcal/mol), whereak® is affected by less than 2-fold
(<0.5 kcal/mol, Table 1). The second-order constafit,
K®, reflects the overall effect of the-B substitution. For
these five positions, the differencekfV/K is less than 4-fold
(<0.8 kcal/mol, Table 1). These effects are surprisingly
small compared to those of the group | ribozyme reaction in
which 2-H substitution at equivalent positions 2, 3, and 72
generated effects on the order of 27 kcal/mol on
substrate binding aloné,

Three other changes in the vicinity of the cleavage site

shown). Therefore, the GL72 base pair should be preferred
under physiological conditions, i.e., low Kfgconcentrations.
Miscleavage of the tRN&* Substrate. Cleavage of the
phosphodiester bond at alternate sites can be visualized easily
on high-resolution denaturing gels due to their different sizes
(Figure 1B). For the yeast tRNA® substrate with five
nucleotides in the 'Seader, three major miscleavage sites
are apparent. These miscleavage products are due to
cleavage of phosphodiester bonds at positiefis 1, and 2,
respectively (Figure 1A). Miscleavage in P RNA catalysis
has been observed on numerous occasions, including cleav-
age of the natural pre-tRNE substrate Z7—31). The
precise location of miscleavage sites and their extents vary
depending on the particular substrate used. To our knowl-

were also made to assess the nonhelical regions in the tRNAedge, a mechanistic model accounting for these miscleavage

substrate (Table 1). Substitution of-la2 at position —2
produced a 6-fold effect oK and almost no effect ok
Substitution of 2H at position—3 essentially has no effect.
On the other hand, deletion of thé 8 CA nucleotides
significantly reducedk® by 1.5 kcal/mol,k® by 0.8 kcal/
mol, andk®/K® by 2.3 kcal/mol. The 3CCA results are

reactions is still lacking. We have initiated a systematic
investigation to uncover the dominant factors that influence
these miscleavage reactions. In the subsequent description
of this work, we refer to the cleavage at the correct site as
the “® site” and the cleavage between nucleotidé&and
U~2C!as the “ni site” and “nT! site”, respectively (Figure

consistent with previous studies that established direct 1B). The cleavage between nucleotide¥C&(m? site) is
contacts between the CCA nucleotides and specific residuesot further considered in this work due to the lack of

in the P RNA (L6, 17, 26).
The above 20H — 2'-H substitutions are carried out with
substrates containing &HB at the cleavage site. The effects

sensitivity and resolution on polyacrylamide gels.
The pH dependence &f, k™, andk™* can reveal whether
comparable rate-limiting steps are still observed for the

of these substitutions are unexpectedly small compared tocleavage at these site&™ andk™* for the substrate with a
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FiIGURe 2: pH dependence & (squares)k™ (filled circles), and
k™! (open circles). All reactions were carried out with 50 mM buffer
(pH 6.1-8.1), 100 mM MgC}, and 0.6 M KCl at 37C. The pH
dependence of logf* or k") has a slope of 1:21.2, corresponding
to a factor of~200 from pH 6.1 to 8.1. The pH dependenceksf

is less than 2-fold from 6.1 to 8.1. The pH dependencécbis
indicated as a dashed line (from rE8).

Table 3: Effects of T StemLoop Modification and P RNA
Mutations on r Cleavage

AAG AAG
substrate K™ (uM)P (kcal/mol) k™ (min~1)° (kcal/mol)
(d-1) 0.14+0.02 — 0.074-+ 0.004 —
ds54 1.4+ 0.3 1.4 0.095+ 0.005 —0.2(0.5¥%
d6l 1.1+ 04 1.3 0.079t 0.005 0.0 (0.0)
d62 21+ 04 1.7 0.03H 0.001 0.5¢0.1)
ds3 23+07 17  0.36+0.02 ~0.3 (1.0¥
d56 0.77+£ 0.17 1.0 0.059t 0.002 —0.1(0.3)
A19-U56 1.0+ 0.4 1.2 0.034+ 0.002 0.5¢0.5)
C19G56 1.9+ 0.1 1.6 0.024+ 0.001 0.7 ¢0.4)
ds57 0.16+ 0.06 0.1 0.035t 0.002 0.5(0.2)
G130d-1 2.84+0.5 1.8 0.021 0.001 0.8(0.1)
G230d-1 24+3 3.2 0.00740.0002 1.4 (0.0)

a All substrates contain a’2leoxynucleotide (d1) at the € site.
b Conditions: 50 mM Tris-HCI (pH 7.8), 100 mM Mgg&land 0.6 M
KCl at 37 °C.°AAG® — AAG™ in parentheses. Negative indicates
improved € over n¥; positive indicates improved frover é. @ Con-
ditions: 50 mM Tris-HCI (pH 8.1), 100 mM MgGland 0.6 M KCI at
37°C.

2'-H nucleotide at the & site have a nearly log linear
dependence on pH, and the rates ard 8-fold slower than
cleavage at the’wsite over the same pH range (Figure 2). A
decrease in [M§] from 100 to 40 mM or [K'] from 0.6 to

Biochemistry, Vol. 37, No. 28, 19980129

Table 4: Effects of Substrate Modification or?mnd nt! Cleavage

AAG AAG
substrateé k™ (min~1) (kcal/mol) k™' (min~Y)  (kcal/mol)
(d-1) 0.23+001 —(-15) 0.36£0.01 —(-1.2)
dri 0.15+ 0.01 0.3 (0.1 ND¢

dr2 0.063£0.004 0.8¢0.4) NI*

d+1 0.19+ 0.01 0.1(0.0) 0.3%0.03 0.0(0.1)
d+2 0.18+ 0.01 0.1(-0.1) 0.77+0.03 —0.5(0.5)
d+3 0.13+0.01 0.4¢0.6) 0.72+0.01 —0.4(0.2)
d-3 0.08+ 0.01 0.6 €0.6) 0.50+0.03 —0.2(0.2)
d-2 0.11+ 0.01 0.5¢0.4) 0.43+0.02 —0.1(0.2)
ACCAY 0.0484+0.003 0.3(0.3) ND¢ -
Al-U72 0.29+40.01 —0.1(1.2) 0.20:0.02 0.4(0.7)
C1:G72 0.42£0.01 —0.4(-0.1) 1.07+0.09 —0.7(0.2)
U1-A72 0.38+0.02 -—0.3(0.5)  0.40£0.01 —0.1(0.3)
(r—1)  0.22+0.01 —(-1.3) 0.71+£0.02 —(-0.6)
d+1 0.11+0.01 0.4 ¢0.3) 0.22£0.01 0.7 ¢0.6)
d+2 0.25+0.02 —0.1(-0.1) 0.56+0.02 0.2¢0.4)
d+3 0.25+40.01 —0.1(-0.1) 0.64+0.02 0.1¢0.3)
d-3 0.19+ 0.01 0.1¢0.4) 0.76£0.02 0.0¢0.3)

a Conditions: 50 mM Tris-HCI (pH 8.1) [2H (c°) substrates, rows
1-12] or 50 mM MES (pH 6.1) [20H () substrates, rows 1317],
100 mM MgCh, and 0.6 M KCI at 37°C. ® AAG® — AAG™m ™ in
parentheses. Negative indicates improvédoeer n¥/m; positive
indicates improved Am~! over @. ¢ m~! cleavage not determined due
to poor resolutiond Conditions: 50 mM Tris-HCI (pH 7.8), 100 mM
MgCl,, and 0.6 M KClI at 37°C.

AAG™ > 0.5 kcal/mol) is for 20H — 2'-H substitution at
position 53. P RNA mutants known to affect direct T stem
loop interactions (P RNA residues A138 G and A230—
G; 18) have identical effects on ficleavage. These results
indicate that cleavage at the?mite depends on specific
recognition of the T stemloop very much like cleavage at
the & site.

We next examined the effects of single atom modifications
in the acceptor stem and thelader ork™ andk™* (Table
4). With the substrates containing &t2 at the € site, the
effect of 2-H substitution at all other positions is modest
(<0.8 and<0.7 kcal/mol for ni and n7! cleavage, respec-
tively). Substitution of a single '20H — 2'-H with
substrates containing d-@H at the € site also produced
only modest effects<0.4 and<0.7 kcal/mol for ni and
m~! cleavage, respectively). For bothd@oxy (€) and 2-
ribo (c®) substrates, the surprising result is that theO
— 2'-H modification at the rhand n1? sites (42 andd—2,
double underlined in Table 4) has no effest(1 kcal/mol)
for their respective cleavage sites. This is in contrast to the
2'-OH — 2'-H modification at the €site that decreased the
k* by ~240-fold (3.4 kcal/mol). In fact, elimination of the
2'-OH at the same position{site) simultaneously decreased

0 M also resulted in &™ decreased to the same extent as K™ andk™ " by ~210 and~470-fold (3.3 and 3.8 kcal/mol),

k® (data not shown and ref8). These results suggest that

respectively. It appears that theQH at the € site affects

for this substrate, cleavage at the correct and incorrect sitesthe cleavage rate at all observable sites to the same extent.

is governed by similar rate-limiting steps.

The effects of T stemloop modifications and P RNA
mutants on cleavage at the? site (Table 3) are essentially
identical to those at the’ite (18). Each 2-OH — 2'-H
modification at positions directly involved in P RNARNA
contact produced a loss of £Q.7 kcal/mol forK™ (tRNA
residues 54, 61, 62, 56, and 53). Also similartaleavage,
the changes ik™ are small for modified substrates compared
to those for the unmodified substrate. ConsideringAes
of k* versusk™, the only significant differenceAAG® —

Deletion of the 3 CCA and mutation of the :¥2 base
pair affect cleavage at each site differently (Table 4). The
3’ CCA deletion decreasds”, but to a lesser extent than
that for k. Other WatsorCrick base pairs at the:12
position show modest effects; in particular, the -T2
mutant does not affed™, as opposed t&*. These results
show that unlike 20H (&), the effect of base changes in
this region is unique for each cleavage site.

Effects of the Length and Sequence of theéader. In
addition to the 20H at the € site, the length and the
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Ficure 3: Effects of 5 leader truncations on (A and (B)k® (®) andk™ (O). All reactions were carried out using substrates with& 2
at the € site with 50 mM Tris-HCI (pH 8.1), 100 mM MgGJland 0.6 M KCl at 37C. The 5 leader sequences for the truncated substrates
are 3CGCUdC (-5), 5CUdC (—3), 5UdC (—2), and 5dC (—1). The AAG values are relative to the cleavage of the-5 substrate.

sequence of the' feader may also contribute to cleavage at Table 5: Effects of the 'S_eader Sequence on Cleavage at the ¢
the @ and other sites. Th&scherichia coliP RNA (M1 and nf Sites

RNA) can cleave tRNA substrates with a single nucleotide AAG ke or k™ AAG
in the B leader with a rate comparabl@4j to that of our substrate K (uM)  (kcal/moly (min™) (kcal/molf
Bacillus subtilisP RNA—tRNAP"e pair at pH 6. However, Substrates with'2H at the € site?
two to three nucleotides were needed to protect specific ¥ CGCUdC 0.088£0.014  — ;05%1(?52'81001 -
residues in P RNA from chemical modificatiofi7) or to 5 AAUAJU 0.02240.007 -09 @ 37+02 ~18
induce P RNA-substrate photo-crosslink83). Deletion - m?, 0.068+ 0.003 -0.9
of the —5 and—4 nucleotides of our tRN&®substrate has Substrates with’20H at the € site?
essentially no effect (Figure 3). Further truncation produces 5 CGCUC  0.013t 0.004  — ® 1.84+0.1 -
strong effects on botkf® (up to 2.0 kcal/mol) ané® (up to ~_ m3022+001 -
s ' 5 AAUAU 0.022+0.004 03  86.8+0.3 -0.8
1.7 kcal/mol). However, the substrates with either five or m2. 0.38+ 0.02 03

s i e .
one nu_cleotlde 5Ieadh§r have |dent|patm values (F|_gure = Conditions: 50 mM HEPES (pH 7.3), 100 mM MgChnd 0.6 M
3). Using the tRNA" product (equivalent to deletion of KCI at 37°C. b Conditions: 50 mM MES (pH 6.1), 100 mM Mgl
the —1 nucleotide), ricleavage can no longer be detected, and 0.6 M KCl at 37°C. ¢ —RTIN[KX(CG)KS(AU)] or —RTIn[k® or
even after overnight incubation. In addition, the'Im  k™(AU)/K or k™(CG)].

cleavage was undetectable for the substrate with only three
nucleotides in the'3eader. These observations indicate that 5g miscleavages as extensive as that in our tRRIA

the interaction concerning the third nucleotideté the  gypsirate are seldom seen. As observed for our A/U-rich
respective cleavage site determines to a large extent Wh'Chsubstrates, the natural A/U-rich Baders may allow pref-

phosphodiester bond is hydrolyzed. erential interaction between the ribozyme and the substrate
Although the Sleader sequences of natural tRNA precur- 4 selectively promote %ccleavage. In addition, reliable
sors are not conserved, they are often A/U-riBB+35). quantitation for any miscleavage product in the background

All substrates described above contain a C/G-ricteader of ©© cleavage is< 1%, only 2-5-fold less miscleavage than
(5 CGCUQC). To quantitatively analyze the potential effects j, gur yeast tRNA" substrate with an A/U-rich'Seader

of an A/U-rich leader sequence, two substrates containing[wz and~5% for the 2-H (c%) and 2-OH (<) substrates,
100% A/U (3 AAUAV) n the 5 leader are compared t0  ggpectively]. It is conceivable that many tRNA substrates
the substrates with the' 8/G-rich sequence (Table 5). may miscleave, but the miscleavage has not yet been
Cleavage at the m site was not quantitated due to deliberately examined.

limitations in gel resolution. The A/U-rich leader signifi- What then determines that our tRRI& substrate is
cantly improvesk® and kmzocompaged to those of the C/G-  miscleaved to such a high extent? When the holoenzyme
rich 5 leader. Wherk*/K® andk™/K™ are compared, the \ya5 used under physiological conditions with our substrates
A/U-ru_:h sequence moderately increases the cIe_avage Sit&yith 5' leaders containing five nucleotides, no significant
selection at the tsite compared to that at the?raite by change in the cleavage pattern was observed (A. Loria and
0.5-0.9 keal/mol. T. Pan, manuscript in preparation). The holoenzyme result
DISCUSSION does not preclude th_e_ possibil_ity that long, A/U-richéaders
may interact specifically with the holoenzym&6f to
Miscleavage of the Pre-tRNZ&® Substrate. The appear-  contribute selectively to’cleavage. Although our tRN#Ae
ance of substantial amounts of miscleavage products in oursubstrate and P RNA are from different sources, the catalytic
tRNAP"e substrate invokes the question of cleavage site efficiency k“/K) of the yeast tRNA"™—B. subtilisP RNA
selection for other tRNA substrates. The tRNA substrates combination is close to those of tie subtilistRNAAP—B.
in many published works have long, A/U-rich aders, subtilisP RNA combination. A similar miscleavage pattern
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Ficure 4: (A) Multiple ES complex model in the kinetic scheme
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(B) The proposed molecular composition of the Ep@nd ES-
(m?) complexes incorporating the data from this work. The binding
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binding. Fork® andk™, the effect is 1.6 and 0.4 kcal/mol,
respectively (Table 3). The differencekfi andk™ is mainly
attributed to a single interaction involving thé-QH of
residue 53. Otherwise, the TSIP RNA interaction provides
a similar affinity for binding and catalysis. Recognition of
the T stem-loop confers specificity to the P RNA for the
tRNA substrates.

(2) The 2-Hydroxyl at the € Site. The 2-OH — 2'-H
substitution at the %site changes the reaction kinetics for
all cleavages to a similar extent, suggesting that the ribozyme
interaction with this 20H group is universal for all ES
complexes. Substitution of-®DH with 2-H at this position
increaseK® by 1.4 kcal/mol and decreases #i& k™, and
k™ by more than 3.3 kcal/mol. The selection of this 2
OH for all cleavage sites may be directed by T stdoop
binding (Figure 4B). Several functions for the@H group
at the € site have been proposed previously. Smith and Pace
(24) suggested that it may be involved in binding and
positioning of the M§" ions for the chemical step. Alter-
natively, it may be involved in lowering thekp of the
neighboring 3oxygen leaving group, analogous to the
mechanism proposed for the group | ribozyme reacti)n (
Both mechanisms would predict that@QH groups at the
c®, m%, or n? site should significantly affect cleavage
efficiency at the & m™%, or n¥ site, respectively. Such
results are not observed in this work. TheGH (c°) can
still be involved in binding of a Mg ion necessary for
maximal efficiency in chemistry. A Mg of this kind may
be distinct from the two other Mg ions proposed to act as

sites in the ribozyme are shown as hatched half-ovals. The boundthe base and the electrophile in the transition stag. (

T stem-loop directs binding of the'20H(c®) as shown by a thin
line. Binding of the third nucleotide’ %o the cleavage site directs

(3) Other 2-OH Groups and the Acceptor Stem of tRNA.
2'-OH at n? and n1! sites does not contribute to cleavage

which phosphodiester (between the highlighted nucleotides) is . : - : .
positioned into the active site as shown by a thick line and an arrow at the respective sites. Substitution of a sindl©R with

to indicate cleavage. (C) Two models for the binding motifs in the 2-H in the acceptor stem of tRNA results in a small, uniform
catalytic domain of P RNA and their relative juxtaposition in the decrease in the equilibrium binding constant and has little
ES complex. The flexible motif in the unbound form is indicated effect on the cleavage rate, suggesting that the acceptor stem
by & connecting line and is gray. The inflexible motif in the unbound remains helical in the ground state. Whether the acceptor
];QTg,_:Srﬁéﬁﬁk('cghﬁg) i‘ghfxlee—x%liémouf (oval) is flexible; (right) the stem has to open in the transition state focleavage is not
' clear. For m cleavage, however, the acceptor stem helix

also occurs for the yeast tRN®—E. coli P RNA pair (A. has to open to allow binding of the phosphate at tResite.
Loria and T. Pan, data not shown). Therefore, the relatively Our data show no discernible differences for atleieavage
high efficiency of miscleavage observed in our substrate steps using the'ZH-substituted substrates, suggesting that
appears to be correlated with the identity of the particular helix melting for n¥ cleavage is not a rate-limiting step. In
tRNAP"e sequence. This strong tRNA dependence is con- contrast to the role of the P1 helix in the group | ribozyme
sistent with the reports that the predominant factor for (2, 4, 6), no specific 20H group in the acceptor stem
cleavage site selection of the naturally miscleaving tRRNA  appears to be involved in P RNARNA interaction. Either
is the acceptor stem sequen@s,(37). potential acceptor sterP RNA interaction is superfluous,

Substrate Components in Binding and Cataly#issimple or such interactions may decrease the dissociation rate of
model with formation of different ES complexes for cleavage the P RNA-tRNA product and hinder the turnover of the
at different sites can be proposed to explain all experimental RNase P reaction in vivo.
data presented here (Figure 4A). For simplicity, offlgred (4) The Third Nucleotide 'S0 the Respecte Cleavage
m? cleavages are discussed below, although the conclusiorSite. Binding of this and, to some extent, the second
applies equally well to m' cleavage. The molecular nucleotide 5to the cleavage site directs binding of the
composition of the distinct ES complexes can be deducedreactive phosphodiester located two nucleotides away. The
from several key observations in this work (Figure 4B). —3 and—2 nucleotides relative to thée site are implicated

(1) The T StemLoop of the tRNA.Cleavage at the in our truncation experiment to contribute +.8.0 kcal/mol
site depends on the T sterfoop (TSL) to a similar extent  to binding and cleavage chemistry. Interaction of th@
as cleavage at thée site, suggesting that binding of TSL is nucleotide with P RNA does not involve it$@H; interac-
nearly the same for all ES complexes. The TSL region tion of the—2 nucleotide does include its-@H group. There
directly interacts with P RNA through at least fivé-QH is strong physical evidence for the direeB8 nucleotide-P
groups and the 4-amino group of C5&8). These six RNA interaction as shown by chemical modification protec-
interactions alone contribute a net total of 8.3 kcal/mol in tion (17) and UV cross-linking §2). The —3 nucleotide



10132 Biochemistry, Vol. 37, No. 28, 1998

Loria and Pan

binding site in the P RNA has been mapped to the conservedThe steric accessibility and affinity of the third nucleotide

J18/2 region17). The effect of the-3 nucleotide position-
ing the reactive phosphate may be accomplished with a
possible ruler mechanism. In this scenario, the binding site
in the J18/2 region is 714 A from the active site where

with respect to the respective cleavage site may determine
the relative amount of ES complex formation. Our model
proposes two distinct motifs in the ribozyme (designated the
2'-OH motif and the—3/P. motif in Figure 4C) that interact

chemistry at the reactive phosphate occurs. Two nucleotideswith residues around the cleavage site in the substrate. The

are needed to bridge this distance.

(5) Other Substrate Component& our model, binding
of the reactive phosphodiester % directed by the initial
binding of the third nucleotide’'30 it. Both the bridging
and nonbridging oxygens can be involved ip dhding.
Hartmann and co-worker89) have shown thapro-R, and
pro-S, oxygens at thecphosphate are involved in P RNA
catalysis. Using phosphorothioate substitutions, the effect
on k¥ with a 2-OH substrate for th&. coli P RNA is on
the order of 4.7 and 6.4 kcal/mol for thepro-R, and pro-

S oxygens, respectively. Interestingly, miscleavage at the
m~! site is more severely affected for tipeo-R, than for
thepro-S, phosphorothioates. This observation may indicate
thatpro-R, oxygen at the ¢site plays a role similar to that
of the 2-OH at @ site (for cleavage at all sites), whereas
the pro-§, oxygen at this site may be exclusively involved
in the chemical step (cleavage at the respective site). If this
is the case, thpro-R, O — S substitution at the’site should
affect all cleavage sites equally, whereasphe-S, O — S
substitution should only affect the reaction at respective
cleavage sites where the sulfur atom is located.

The 3 CCA of the tRNA has been shown to interact
directly with P RNA (6, 17) and influence the cleavage
efficiency at different sites20—31). For our substrates, the
main effect of the 3 CCA is on K (1.5 kcal/mol).
Interestingly, the 3CCA has a stronger effect i’ than
on k™, even though deletion of’ 3CCA results in rate
decreases for both sites. The net effect of this difference is

interaction with the 20H () significantly increases the
cleavage efficiency but makes no distinction for cleavage
site selection. The interaction with the third (and the second)
nucleotide 5to the cleavage site determines the site of
cleavage. In such a model, one of the two motifs is thought
to be flexible prior to substrate binding. This may be
accomplished structurally by linking one of the two motifs
through a flexibly tethered loop (solid and dashed lines in
Figure 4C). The flexibility of the—3/R motif implies
scanning the substrate within a confined range to bind the
—3 nucleotide which leads to subsequent positioning of the
reactive phosphate (Figure 4C, left). Alternatively, the
flexibility of the 2'-OH maotif implies scanning the substrate
to bind the 20H (), regardless of which residues are bound
in the —3/P, motif (Figure 4C, right). Binding of the'20H
(c®) may increase the fraction of a putative ES complex along
the reaction pathway prior to the chemical step of the reaction
(ko). Attempts to physically detect a second obligatory ES
complex are being actively pursued in our laboratory.
Once the 20H () and the —3 nucleotide-reactive
phosphate are bound, the steric juxtaposition between these
two motifs in the bound form of the ribozyme may influence
the stability of the transition state. When thé and n?
complexes are compared, the@H motif is skewed relative
to the —3/R. motif. The spatial relationship of these two
motifs in the ES complex may be optimal for chemistry in
the @ complex.

increased miscleavage over the correct cleavage for theACKNOWLEDGMENT

ACCA substrate. Such d &CA effect may also explain
the preference switch of fmover n? cleavage using a
substrate with a’'55GCUC leader rather than 86GCUC
leader (data not shown). The & * nucleotides can
potentially interact with the '3CCA, making binding of the
—1 nucleotide less likely to result in formation of smaller
amounts of the ES complex committed fof aeavage. Our
results are consistent with observations by Kirsebom and co-
workers (6, 30), who have shown that modulating the 3
CCA—P RNA interactions can produce strong differential
effects on the correct and miscleavage sites for a variety of
tRNA substrates.

Formation of the ES complex is strongly assisted by an
A/U-rich compared to a C/G-rich’ .eader sequence (Table
5). This observation is consistent with the natural pre-tRNA
sequences from bacteria which are generally A/U-rich.
Several explanations are possible for this A/U effect. (1) It
has lesser potential to form secondary structures, making all
nucleotides more available for P RNA binding. (2) The A/U
sequence directly biases binding of th& nucleotide. (3)

It does not form stable structures with theGCA to allow
more efficient utilization of 3CCA. It remains to be seen
which of the three effects dominates for the observed A/U-
rich effect.

Potential Mechanisms for Cleage Site SelectionDis-
crimination of cleavage sites (or proofreading) can occur at
the levels of the ES compleX{) and the chemical stej).

We thank Drs. Joseph Piccirilli, Tobin Sosnick, and Carl
Correll for their stimulating discussions and comments on
the manuscript. We also thank both reviewers for their
comments, and in particular, we greatly appreciate the
insightful comments of one reviewer on the reaction kinetics.
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