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ABSTRACT: Ribonuclease P (RNase P) is an essential enzyme whose action produces the 'netoniai5

of all cellular and organellar transfer RNA molecules. In bacteria, the catalytic subunit of RNase P is an
RNA molecule which by itself can bind substrate pre-tRNA, select and hydrolyze the correct phosphodiester
bond, and release product tRNA. The simple requirements of the reaetioronovalent cation such as

K+ or NHs;© and the divalent cation Mg (or Mn?t)—have prompted proposals that all aspects of
phosphodiester bond hydrolysis might be accomplished by one or more divalent metal cations coordinated
to the enzyme or substrate. To precisely localize the ligands of catalytically-involvét] Mg assayed
cleavage byEscherichia coliRNase P RNA of pre-tRNA in which specifigro-R- phosphate oxygens

were replaced with sulfur. RNase P cleavage was targeted to that bond, at or nearest to the normal
cleavage site, at which Mg or Mn?* could be coordinated. Single-turnover kinetics demonstrated that
the apparent rate constant for the hydrolysis event was determined quantitatively by the affinity of the
divalent cation (M@" or Mn2") for the atom (O or S) at thpro-R- position of the scissile phosphodiester
bond. We propose a model for pre-tRNA cleavage in which an essentfdl iblyis coordinated directly

to thepro-R- phosphate oxygen and indirectly to two other ligands near the scissile bond: the upstream
ribose 2-hydroxyl and the downstream purine N7. This catalytic?Mgn most likely positions and
deprotonates a water molecule for in-line nucleophilic attack on the scissile bond phosphorus.

All naturally-occurring transfer RNAs are generated from release products. The catalytic RNA subunit of RNase P
precursor transcripts containing extraneous stretches offrom E. coli has received considerable attention for three
nucleotides which must be removed to produce functional reasons. First, and unlike other ribozymes, it behaves like
tRNAs. Ribonuclease P (RNase P) is the endonucleasea classical enzyme in the sense that it binds a free substrate
which catalyzes smaturation of tRNA precursors [Altman  and catalyzes multiple rounds of cleavage (Guerrier-Takada
& Smith, 1971; Robertson et al., 1972; reviewed by Altman et al., 1983; Pace & Smith, 1990). Second, unlike other
(1989); Pace & Brown, 1995]. The substrate for the RNase ribozymes, RNase P interacts with its substrate primarily
P reaction is a'sextended precursor tRNA (pre-tRNA); the  through noncanonical hydrogen bonds and van der Waals
products are a mature tRNA with &terminal phosphoryl forces rather than through canonical Wats@rick pairing
group and a Sleader with a 3hydroxyl terminus. RNase  (Smith et al., 1992). Third, unlike all other characterized
P from almost all species is a ribonucleoprotein containing ribozymes, RNase P catalyzes a direct hydrolysis reaction
an essential RNA subunit 26@100 nucleotides (nt) long and  rather than a transphosphorylation (Marsh & Pace, 1985;
one or more polypeptides which range in size from 120 Smith & Pace, 1993).
amino acids in bacterl'a to almost 1000 amino aplds inyeast 1na simple requirements of the RNase P RNA-only
nuclei apd mitochondria [Stark et al., 1978; Gardiner &. Pace, [oaction-a monovalent cation such as kor NH," and the
1980; Zimmerly et al., 1993; Morales et al., 1992; reviewed divalent cation Mg" (or Mr2+) (Guerrier-Takada et al., 1986;
by Brown and Pace (1992); Darr et al,, 1992]. The RNA G5 giner et al., 1985; Surratt et al., 1990; Smith et al.,

sult?uniéof bglllcsteriaIlel_\lase Ps, such as those Esnh?richia 1992)-have prompted proposals that all aspects of catalysis
colran BaC|_ us subtilis can carry out 5prc_)cessmg 0 tRNA . might be accomplished by one or more divalent metal cations
precursors in the absenqe of the protgln subunit [Guerrier- coordinated to phosphodiester oxygens of the enzyme
Takada et al., 1983, reviewed by Smith and Pace (1990); (Haydock & Allen, 1985). In addition, important ligands

Altman, 1989]. The RNA subunit alone is SL_|ff|C|ent to bind f any catalytic Mg" are likely to be phosphodiester oxygens
substrate, hydrolyze the correct phosphodiester bond, an f the substrate itself. The most plausible reaction mecha-
nism, illustrated in Figure 1, is a standard in-line dissociative
t Supported in part by grants to P.G. from the University of Kansas (Sy2-like) attack of a hydroxide ion on the phosphate
gfg%?éfesgagg;32%%’233453 and No. 3484) and the NSF (DMB jmmediately 5to the mature tRNA domain of the substrate
*To whgrm correspondence)'should be addressed. [see Fersht (1985), pp 23@38]. Hydrolysis results in
*Current address: Department of Developmental Hematology, Preakage of the bond between phosphorus and(d8 3
Amgen Inc., Mail Stop 99-1-A, 1840 DeHavilland Dr., Thousand Oaks, oxygen of the upstream ribose) which becomes the leaving

CA 91320-1789 : . :
§ Current address: University of California at San Diego, Clinical group. A ke.y. aspect FO this reaction is that the hydroxide
Science Bldg. 410, 9500 Gilman Dr., La Jolla, CA 92093. must be positioned apically to O@Cedergren et al., 1987).
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Ficure 1: Model for RNase P catalysis based on models from
Guerrier-Takada et al. (1986) and Smith and Pace (1993). (A) Pre-
transition state. [Mg(OH}], indirectly coordinated by the upstream

2' OH, deprotonates a water molecule for apical nucleophilic attack

Chen et al.

hydrolysis step. The experimentally-determined rate constant
kobs measures the reaction steps fromavginding through
breakage of the scissile bond.

Involvement of Metals in the RNase P Reactidrhe role
of Mg?" in the RNase P reaction is both structural and
catalytic. At low concentrations of monovalent cation, g
can act to facilitate folding and charge neutralization of the
RNase P RNA (Smith et al., 1992). Moreover, in the absence
of monovalent catiorB. subtilisRNase P RNA assumes its
mature conformation at about 6 mM NIg requiring
cooperative binding of at least 3 Migwith a [Mg?*]o s of
about 2-3 mM (Pan, 1995).

At saturating levels of monovalent cation (daM NH,*,
K*, or Na"), only moderate concentrations of Rigca. 10
mM, are needed for optimal steady-state activity (defined
by ke.afKm) of E. coli RNase P RNA (Smith et al., 1992).
Haydock & Allen (1985) first proposed a model in which
RNase P RNA might catalyze phosphodiester hydrolysis by
providing a specific binding site for Mg. In this model, a
variant of which is illustrated in Figure 1, one of the
equatorial ligands of the catalytic Mgis a nonbridging
phosphodiester oxygen of the RNase P RNA. An inner-
sphere OH, as the “lower” axial ligand to M, acts as a
general base, deprotonating an outer-sphef@ td provide
the nucleophilic OH which attacks the scissile phosphodi-
ester opposite to O3 In the transition state, this Mg also
provides equatorial coordination to tpeo-S> honbridging
oxygen of the scissile bond. Finally, an inner-sphere water
as the “upper” axial ligand serves as a general acid, donating

on phosphorous. The phosphodiester backbone of the substrate i@ proton to the leaving O3

denoted by a heavy line. (B) Transition state. Tie-S oxygen
now coordinates the catalytic Mg hydrate. Two otherMgns
may stabilize thepro-R» oxygen and O3as the O3-P bond is
broken.

Scheme 1
Mg[HO-H]
ki k3,ka

E+S < ES <=E-S-Mg—> E-P1.P2.Mg = E +P1+P2
k1 Kp Kchem K-3,ka

Smith and Pace (1993) elaborated on this model, providing
evidence that a water axially liganded to a catalytically-
required M@" ion was further hydrogen bonded to the 2
OH of the upstream nucleotide (pre-tRNA positieft). This
binding is also illustrated in Figure 1. Those experiments
also indicated that at least two more Mdons are required
for catalysis. Between 1 and #20 mM Mg?", the rate
constant for hydrolysis increases cooperatively with increas-
ing [Mg?*]; the Hill coefficient is 3 (Smith & Pace, 1993),

was inferred because the hydrolysis rate constant increasesuggesting that at least 3 Ffgions bind together to effect

linearly with increasing [OH] (Smith & Pace, 1993).
Catalysis by the RNA subunit &. coli RNase P absolutely
requires divalent metal ions: hydrolysis proceeds optimally
in the presence of Mg or Mn?* and weakly in the presence
of Ca&* (Smith et al., 1992). Known catalytic roles for
divalent metal cations include (i) facilitating the deprotona-
tion of coordinated water molecules to provide hydroxide
ions at neutral pH, (ii) polarizing a nonbridging phosphoryl
oxygen to increase the electropositivity of phosphorus, and
(iii) coordinating nonbridging phosphate oxygens to stabilize
the pentacovalent transition state [see Fersht (1985), pp 67
69; Burgess, 1988; Pan et al., 1993]. In addition, a bound
Mg?* ion in close proximity to the reactive phosphoryl could,
by coordinating the attacking hydroxide, orient it properly
to facilitate the reaction [see Beese and Steitz (1993)].

catalysis. [Above ca. 15 mM, Mg binding is almost
noncooperative, with a Hill coefficient of 1.4; see Figure 6
of Smith and Pace (1993).] In those experiments, the
apparent [M§']os was ca. 16 uM, comparable to thép

for previously-described “tight” binding sites in tRNAs
[reviewed in Pan et al. (1993)]. When th&t®/droxyl of
the nucleotide 5to the cleavage site was removed, the
cooperativity of Mg@" binding was reduced to 2 with a
[Mg2*]os of 6 mM (Smith & Pace, 1993) or about th&,

for nonspecific binding of Mg to tRNA (Pan et al., 1993).
These data strongly implicate the upstredr®®i in forming

a specific binding site for a single catalytically-involved
Mg?* ion. Independent investigations have confirmed the
participation of multiple Mg ions in the reaction. Hardt et
al. (1993) determined that binding of two Kfgions

The RNase P hydrolysis reaction scheme can be presenteéiccompanied formation of thee & complex during equilib-

in a simplified form (Scheme 1) where S represents pre-
tRNA, P1 denotes the'3eader productks, k-3), and P2
denotes the mature tRNA4 k-4) [see Beebe and Fierke
(1994)]. Itis likely, as will be discussed, that either hydrated
Mg?t or [Mg(OH)]" is the actual species which binds
substrate. A proton and a hydroxyl ion equivalent to the

magnesium-bound water are incorporated into the products.

In this schemek.nem is the first-order rate constant for the

rium binding experiments. Beebe et al. (1996) also identified
two Mg?* binding sites (or classes of sites) whose occupancy
stabilizes the ES or EP complex and additionally a third
site whose occupancy is required for phosphodiester bond
hydrolysis.
The Two-Metat-lon Mechanism and Its ImplicationsA

plausible model for metalion-dependent hydrolysis and
phosphoryltransfer reactions catalyzed by RNAs was devel-
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oped by Steitz and Steitz (1993) based on the crystal structureSammons, 1985), and the inability of sulfur to accept
of protein metalloenzyme phosphoryltransferases/hydrolaseshydrogen bonds. Consistent with this, a second class of
such as alkaline phosphatase (Kim & Wyckoff, 1991), phosphodiester interactions has been characterized for which
phospholipase C (Hough et al., 1989), P1 nuclease (Volbedaphosphorothioate substitution decreagsm by a mag-

et al., 1991), and the'3— 5 proofreading exonuclease nitude—up to 1006-3000-fold—comparable to loss of co-
domain ofE. coli DNA polymerase | (“Pol | Exo”; Beese &  ordination but for which MA" rescue is not observed. Such
Steitz, 1991). The crystal structure of Pol | Exo reveals two interactions have been characterized at ghe S oxygen

bound divalent metal cations (Znin the crystal; Mg" or of the scissile bond in the first step of tAeetrahymena
Zn?" in vivo). The first metal, occupying a location thermophilagroup I intron self-splicing reaction [Rajagopal
designated site A, is positioned to coordinate pre-S et al., 1989; th@ro-Rp oxygen in the reverse reaction is the

oxygen of the scissile phosphodiester as well as the attackingoro-S position in the forward reaction, Herschlag et al.

nucleophilic water or hydroxide; the crucial deprotonation (1991)] and at several positions in tBecoliRNase P RNA

of water is accomplished by Mg—A acting as a Lewis acid. ~ (Harris & Pace, 1995; Hardt et al., 1995). These observations

The second metal, occupying site B, could bond toptte are consistent with indirect or outer-sphere coordination of

S oxygen as well as to O3thus stabilizing the geometry  a ligand such as hydrated ¥g that is, hydrogen bonding

of the transition state and neutralizing the developing chargebetween inner-sphere water and phosphate oxygen [e.g.

on the leaving group. Each ion is further fixed in position Dunaway-Mariano and Cleland (1980)]. Such inhibition

by inner- or outer-sphere coordination to three carboxylate could also result from failure to accept H-bonds from other

oxygens of acidic amino acids. In the mechanism proposedligands or from steric or electronic exclusion of these ligands

for Pol | Exo, the attacking water is also positioned by from their binding site(s).

hydrogen bonding to the hydroxyl of Tyr497. The hydroxyl  |n the present work, we examined the role of ¥Mgr

of Tyr497 occupies a spatial position which we refer to as Mn2* in phosphodiester hydrolysis by replacing spegifio-

site C. Re oxygens with sulfur in the substrate precursor tRNA. We
As this active-site structure depends solely upon ap- identified the scissile bond in precursor tRRIAas the sole

propriately-positioned oxygens to provide ligands to the position wherepro-R» phosphorothioate substitution inhibits

catalytic magnesiums and the attacking hydroxyl, it can easily cleavage, and we took advantage of the differential affinity

be extended to cover catalysis by RNA enzymes (Steitz & of Mg?* and Mr?* for oxygen versus sulfur to demonstrate

Steitz, 1993). RNA molecules provide a high density of that at least one catalytically-essential Mgon is coordi-

metal ligands, direct or indirect, in the form of ribose nated directly by thepro-R» nonbridging oxygen of the

hydroxyls, phosphodiester oxygens, and ring nitrogens andscissile bond.

oxygens. In an RNA enzyme, divalent cations, positioned

as in Pol | Exo or alkaline phosphatase, could accomplish EXPERIMENTAL PROCEDURES

most or all of the chemistry and transition-state stabilization . . ]
obtained by the protein enzymes. As the major role of Reagents.All chemicals were of reagent grade or higher;

catalytic amino acid side chains in these reactions (at leastN\H<Cl, MgClz, and MnC} were ultrapure (Aldrich; 99.99
in Pol | Exo) appears to be to provide ligands for the metals 99.995%). All solutions were prepared in organic-free water

or the substrate oxygens, these amino acids could also bdBamstead Nano-Pure I, 02m filter) and were either

replaced by divalent cations or by nucleic acid constituents. autoclaved or prepared with sterile water. Mgahd MnCllz
Thio Effects in Ribozyme ReactionBrevious research ~Were prepared as 1.0 M stocks in 50 mM MESOH

has shown thapro-Re phosphorothioate substitutions in Puffer, pH 6.0, and stored at20 °C. DTT stock solutions

oligonucleotide substrates have a notable rate effect in(1-0 M or 50 mM) were stored at20 °C. Oligodeoxy-
ribozyme-catalyzed phosphodiester hydrolysis reactions. nucleotides were synthesized and dgsaltgd by Macromolecu-
Some of these “thio effects” reflect intrinsic chemical &r Resources (Colorado State University) and were used

reactivity of phosphorothioate (Herschlag et al., 1991), Without further purification. _

whereas others result from reduced divalent cation binding Plasmid ConstructsPlasmid p67YFO, obtained from O.
(Dahm & Uhlenbeck, 1991; Piccirilli et al., 1993; Christian C. Uhlenbeck, carries a synthetic gene, “YF0", encoding
& Yarus, 1993). As a “hard” metal, Mg binds substantially ~ mature tRNA" with a 3-terminal CCA sequence behind
better to “hard” ligands such as oxygen than to “soft” ligands @ Phage T7 promoter (Sampson et al., 1988). Plasmid
such as sulfur (Jaffe & Cohn, 1978, 1979; Pecoraro et al., PBSYFO was constructed by inserting the YFO gene and T7
1984; Pan et al., 1993). On the other hand?Ms a softer ~ Promoter downstream of the phage T3 promoter in plasmid
metal which discriminates against sulfur less strongly than PBS(-) (Stratagene). In vitro transcription of this plasmid
does Md@*. The magnitude of this effect was calculated by With T3 RNA polymerase yields pre-tRN/ plus a 5
Pecoraro et al. (1984) for M§ or Mn?" coordination by leader sequence consisting of T7 promoter sequences and a
the p-phosphoryl of ATP. Replacement of thero-Re mature 3terminal CCAy sequence. Plasmid pBSYFO-
B-oxygen by sulfur decreasdth for Mg?+ by 31000-fold, AlU72 has a sequence identical to plasmid pBSYFO except
whereask, for Mn2* was reduced only by about 175-fold. that base G1 (with respect to the start of mature tRIYA

In other words, MA" binds S about 177-fold (31000/175) Was changed to A and the complementary base C72 was
better than does My. Hence, a reaction which is inhibited ~changed to U as described below. Plasmid pDW27, gener-
by thiosubstitution of an essential oxygen can be restored
or “rescued” by concomitant replacement of Mgwith 1 Abbreviations: NMR®S, a-phosphorothioate nucleoside [nucleo-
Mn2+, side B-O-(1-thiomonophosphate)]; NTES, nucleoside '5O-(1-thio-

; ; riphosphate); p(S)Gp, guanosiné-@&(1-thiomonophosphate),’'-3
Other differences between phosphate and IDhOSphorcjthIOatéf'nonophosphate; pA, adenosiriensonophosphate; DTT, dithiothreitol;
are the greater length of the—3 bond, the apparent \Es 2-N-morpholino)ethanesulfonic acid: PEI, poly(ethylene)imine;

redistribution of negative charge to the sulfur (Frey & TE, Tris/EDTA buffer.
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ously provided by D. Waugh and N. R. Pace, contains a DNA amount of f-32P]rNTP was decreased to abouuCi per

fragment encoding the RNA component®fcoli RNase P

transcribed from a phage T7 promoter (Waugh et al., 1989).

Gene ConstructionTo construct pBSYF0-fJ-,, the YFO
gene in pBS{)YFO was amplified using two synthetic
primers: left, YFO-G1A.L2 (5GCA TGC CTG CAG TAA
TAC GAC TCA ATA TAa CGG ATT T, position—18 to
+8) and right, YFO-C72U.R4 (FATC CTC TAG AGG ATC
CTG GTa CGA ATT CTG TGG AT, positior-92 to+58).
The lowercase letters represent the changes at positibns
and +72 which replaced the first base pair G:C of the
acceptor stem of tRNA with A:U. The amplification reaction
(100 uL) contained 20 ng (67 nM) plasmid, 2.5 mM each
dNTP, 1 mM each primer, 25 units/mLaq DNA poly-
merase (Perkin-Elmer Cetus), 50 mM KCI, 10 mM Tris-
HCI (pH 8.3), and 1.5 mM MgGI The gene was amplified
for 25 cycles of 94C (1.5 min)/65°C (1.0 min)/72°C (1.0
min). The amplified DNA was purified by phenel
chloroform extraction and was subcloned into plasmid

100uL reaction.

Dinucleotide-primed transcription was accomplished as
follows: Adenylyl(3—5")guanosine (ApG) (Sigma) was
labeled at its 5end with [y-2P]JATP and T4 polynucleotide
kinase in 20uL containing 3 mM ApG, 20 mM NaPQO,

(pH 7.5), 10 mM MgC}4, 250 uCi [y-*2P]JATP (NEN), and

1 unit of T4 polynucleotide kinase (Promega). The mixture
was incubated at 37C for 30 min. A 10uL portion was
used directly in a 6QuL in vitro transcription reaction
containing 5ug of p67YFOBsSIN1 DNA, 20 mM Na-PO,

(pH 7.5), 10 mM MgC}, 10 mM DTT, 1.5 mM GTP or
GTPaS (as required), 1.5 mM each of the other three INTPs,
and 1000 units/mL T7 RNA polymerase.

Transcription reactions were terminated by addition of 0.5
vol 10 M urea/3 loading dye (Wang et al., 1988) and
heating for 5 min at 65C. Products were purified on
denaturing polyacrylamide gels, detected by autoradiography,
and eluted by diffusion all as described previously (Wang

pBS(—) as described in Oommen et al. (1992) except that et al., 1988). RNAs were precipitated with ethanol, resus-
vector and insert were electroeluted from agarose gels. Thepended in distilled water, and stored-a20 °C.
base changes were confirmed by manual sequencing with Processing Reactions and Product AnalysT$e reaction

oxidized T7 DNA polymerase (Sequenase 1.0, US Bio-
chemicals).
Plasmid DNA Preparation.Plasmid DNA was prepared

conditions for RNase P RNA subunit includes either 50 mM
Tris-HCI (pH 8.0) or 50 mM MES-KOH (pH 6.0), 1.0 or
0.1 M NH,CI (99.99% pure, Aldrich Chemical Co.), and

and stored following the large-scale preparation protocol 5—100 mM MgCh (99.995%, Aldrich) or 260 mM MnCh
described in Oommen et al. (1992) except that cells were (99.99%, Aldrich). Most reactions contained 60.5% Na

lysed with alkaline Na dodecyl sulfate (Sambrook et al.,

dodecyl sulfate. Some reactions with phosphorothioate-

1989) and sterile TE buffer was used in the chromatographic containing RNA also included 10 mM DTT, although

separation of plasmid DNA from RNA. Prior to transcrip-
tion, pPBSE)YFO and p67YFO plasmids were digested to
completion withBsiN1, and ppDW27 wittSna1. The DNA
fragments were again purified by phenghloroform extrac-

comparable results were obtained with or without reductant.
The amount of substrate and enzyme added is indicated for
each individual figure. Most steady-state reactions were
terminated by heating with 0.5 volume of urea/dye mix, as

tion, concentrated by ethanol precipitation, and resuspendedabove; a few were stopped by addition ofd of nuclease-

in sterile distilled water or TE buffer (pH 8.0).

In Vitro Transcription. The phage T3 RNA polymerase
transcript ofBsiN1-digested pBSYFO is called pre-tRN&
or pre-GPhe. The T3 polymerase transcription product of
BsiN1-digested pBSYFO0-AJ+; is referred to as pre-fRhe.
When T7 RNA polymerase transcription BN 1-digested
plasmid p67YFO0 is primed witfIP]pApG, the resultant pre-
tRNAPetranscript contains’fP]pA (“*pA”) as its 5' leader
and is designated *pA-tRNA. The catalytic RNA component
of E. coli RNase P is transcribed by T7 polymerase from
plasmid pDW27 linearized witisnaB1.

For preparation of labeled substrate, 1Q0transcription
reaction mixtures contained 40 mM Hepes (pH 8.0), 20 mM
MgCl,, 25 mM KCI, 5 or 10 mM dithiothreitol (DTT), 70
ug/mL acetylated bovine serum albumin, 2 mM each
ribonucleoside triphosphate (rNTP), 5000 ug/mL linear
DNA, 100-200 uCi [a-*2P]rNTP(s), 16-20 units/mL
RNase inhibitor (InhibitAce, 5— 3’ Inc.), and 1000 units/
mL RNA polymerase from phage T3 (Promega) or T7 (USB
or Promega). Incubation was for-2 h at 37°C. Substrates
for kinetic study were transcribed to achieve high specific
activity, with one of the rNTPs reduced to 6:0.2 mM and
its correspondingd-3?P]rNTP as the only radioactive label.
Transcripts fully substituted with phosphorothioatetd® a
given nucleotide were produced by in vitro transcription in
the presence of the corresponding ribonucleosid®-6L-
thiotriphosphate) (rNT&S) (New England Nuclear) and each
of the three other unsubstituted rNTPs, all at 2 mM. The
RNA component ok. coli RNase P was synthesized using
an Ampliscribe T7 Kit (Epicentre Technologies), and the

free glycogen, EDTA to 20 mM, and precipitation with 3
volumes of 95% EtOH overnight at20°C. The pellet was
collected by centrifugation, resuspended in /0 of TE
buffer, and denatured as above. Reaction products were
separated by electrophoresis on 10% polyacrylamide/7 M
urea gels. For processing of 5P]pApG-primed pre-tRNA,
the released mononucleotide *pA was resolved by chroma-
tography on 10 cm high PElkcellulose thin-layer plates (MN
Cell 300/UV254 from Brinkmann, prewashed with absolute
methanol, dried, and prerun with water). The plates were
developed with 0.5 M formic acid to 5 cm, air dried, and
developed to the top with 0.15 M tiformate (pH 3.0)
(Volckaert & Fiers, 1977). This system cleanly separates
pA from R and from all nucleoside bisphosphates. After
air drying, the plates were visualized by exposure to X-ray
film.

5 End Analysis. Gel-purified and ethanol-precipitated
tRNAs were resuspended ind of carrier RNA (1 mg/mL
in Hy0), transferred to a sheet of parafilm, and mixed
with 5 uL of RNase T2 (1 unigL in 200 mM NH;OAc).
RNA remaining in each tube was recovered witul1 of
distilled water, transferred to another piece of parafilm, and
mixed with 5uL of P1 nuclease (1 mg/mL in 20 mM
NH4,OAc). Both RNase T2 and P1 nuclease reactions were
incubated in sealed capillaries for-6 h at 50°C. The digest
was then spotted onto a prewashed-Pédllulose thin-layer
plate. Unlabeled internal markers pAp and pGp,ug each,
were also applied to the plate in every sample. After the
applied samples had dried (and the origin was optionally
washed 5 min in MeOH and dried), the plate was developed
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in 1.6 M LiCI. After development, the dried plate was either a plastic straw-type kit (Minit system, Cochranes of Oxford
washed in MeOH for 5 min or wrapped in plastic wrap. The Ltd., Leafield, Oxford OX8 5NT, U.K.). A hydrated Mg
plate was marked with luminescent paint and exposed toion was built from a hexavalent Fe atom with five @H
Kodak XAR film with an intensifying screen at70 °C. groups positioned at the consensus-My distance of 2.0
Determination of ks Cleavage reactions were as de- A [e.g. Holbrook et al. (1977)]. A pentacovalent atom center,
scribed above, using pH 6.0 buffer except where stated, thebuilt by adding two apical connectors to a X2@ivalent
divalent metal concentrations indicated in the text or figure carbon center, was substituted for the phosphorus. To this
legends, and incubation times between 1 and 3 half-lives. transition state center, O%as attached coplanar to the
In each reaction, 0:52 nM substrate and 56600 nM RNase nonbridging oxygens and an OHvas attached apically to
P RNA subunit were used. The concentration of enzyme O3. The Mg(OH)s was attached to thpro-R- oxygen of
required for saturation was first determined at eachh M  the phosphodiester, and the model was then rotated by hand
concentration being tested by titrating substrate with increas-to permit replacement of one Mg-bound water with the OH
ing RNase P RNA (e.g. 57, 190, and 570 nM) urktjhs To test whether another Mg-bound water could accept an
reached a plateau. Substrate and enzyme were separatelil-bond from the upstream ribosé-2ydroxyl, as proposed
incubated in processing buffer at 3C for 10-30 min to by Smith and Pace (1993), the model was rotated into the
promote proper folding. Reactions were initiated by mixing appropriate configuration. At this point, it became apparent
enzyme and substrate. Ten microliter aliquots were with- that rotation about the PO5 and CEN9 bonds would
drawn at appropriate intervals, and reactions were quenchedoosition the guanine ring underneath the hydrated\Vguch
in an equal volume of 10 M urea/loading dye mix at €5 that Gua-N7 could accept a standard-geometry H-bond from
for 3—5 min. Uncleaved precursor and mature tRNA were Mg(OH,)s.
separated by polyacrylamide gel electrophoresis, detected by To confirm the feasibility of this structure, it was generated
autoradiography, and quantified by Cerenkov counting of computationally starting with the refined 3-dimensional
excised gel slices in water. The radioactivity in each gel coordinates of yeast tRNA® (PDB entry 6TNA: Sussman
slice was corrected for in-lane background by subtracting et al., 1978). The A-helical dinucleotide A2%30 was
the cpm of a similar-sized gel slice taken just below the chosen as a model of the scissile bond-Afj—G1 because
substrate slice. To correct for nonspecific hydrolysis of the G1 is at the end of the A-helical acceptor stem ane-ZY
32p-labeled enzyme RNA in reactions conducted for more can stack on G1. The coordinates for nucleotides 29 and
than a few hours, a separate enzyme-only blank reaction was30, a fully-hydrated Mg", and HO were extracted from the
performed for every experimental time, and the cpm of PDB file, and explicit hydrogens were added with Sybyl 6.0
substrate and product in each reaction was corrected for the(Tripos Associates). Further manipulations were performed
cpm in the same region of the parallel reaction lacking with the PC-based software Molecular Images (D. McRee,
substrate. distributed by Molecular Images Software, San Diego, CA).
The observed hydrolysis rate constdgss was determined  The resultant computer model is similar to the physical model
from plots of the percentage of substrate remaining versusexcept for the computer model’s poorer H-bond angle
time (ks = S/[S; + PJ, where K is the fraction of substrate  between Mg(OH)s and Gua-N7. Nonetheless, the-G87—
remaining at time, and $and R are the cpm of substrate OB angle and C6C5—N7—0B dihedral are not too dis-
or product at timet). The data were fitted by the single- similar from those found at G20 of the tRN structure
exponential decay equation with the program Enzfitter 6TNA. Initial attempts to improve or confirm this model
(Biosoft) using MarquardtLevenberg least-squares nonlin- by energy minimization in Sybyl were unsuccessful because
ear regression and robust statistical weighting. Data setsof the inability of the software to correctly model coordinate
which had an apparent lag phase prior to cleavage were fitbonds. All relevant data files in PDB format, as well as
by an equation describing sequential pseudo-first-orderimages generated therefrom, are available electronically as
binding followed by first-order cleavagesk= {Fo/(k. — above.
kK E)}H ke B — k;Ee '}, where E is [enzyme] ankiE is
then the apparent first-order association rate constant [BeebthSULTS
& Fierke, 1994; see Fersht (1985), pp 1334; Cox, 1994; R--Phosphorothioate Substitution Only at the Scissile Bond
Gutfreund, 1995, pp 116114]. Inhibits Cleavage by the RNA Subunit of E. coli RNase P.
Computational. Compilation of tRNA Berminal Bases. = The RNA subunit ofE. coli RNase P recognizes substrate
The tRNA sequence compilation (Steinberg et al., 1993) was pre-tRNA in a structure- rather than a sequence-specific
obtained from ftp.embl-heidelberg.de/pub/databases/trna. Datdashion and interacts with pre-tRNA via hydrogen bonding
fields and sequence segments were parsed and extracted intand van der Waals interactions rather than by electrostatic
a flat-file database. RNA sequences with modified bases interactions (Smith et al., 1992). Our initial objective was
were converted to the corresponding unmodified DNA to locate pre-tRNA phosphodiester bond phosphates which
sequences, and for each isoacceptor the first RNA sequencenight interact directly with RNase P. Since the electronic
which (except for the '3terminal CCA) duplicated a DNA  configuration of phosphorothioate differs from that of
sequence entry was eliminated. All sequences which initi- phosphate (Frey & Sammons, 1985) and sulfur is not an
ated with base 0 (tRN%F) or base+2 were excluded, and  H-bond acceptor, we reasoned that replacement of phos-
the first base of the remaining sequences was cross-tabulateghodiester nonbridging oxygens with sulfur might alter the
by sequence and kingdom. The modified database, in severahbility of RNase P to bind substrate. For example, replace-
formats, is available electronically from http://RNAworld. ment of phosphodiesters by phosphorothiodiesters at certain
bio.ukans.edu/transfer/RNaseP/ or by anonymous ftp from positions in bacteriophage R17 mRNA reduced binding of
RNAworld.bio.ukans.edu. coat protein to its binding site (Milligan & Uhlenbeck, 1989).
Molecular Model Building. A physical model of the More dramatically, replacement of a phosphoryl oxygen by
dinucleotide adenylyl guanosine was first constructed using sulfur will also virtually abolish coordination of Mg ions
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Substrate 1 2 3 4 5 6 7 8 9 10 Lane
pre-G1Phe pre-A{Phe -
Substitution - Y - L=pre — tRNA
(o] 10 9 ? lO (ID |
None 5'—;‘)A—;‘,G—pc—~—tRNA *pA*&A*pC'“ - . - a8 =tANA
-1+ 2 -1+ $2
5-end: pGp* pAp
Mg+2 Mn*2 - Lo
M - - 5' Leader
|0 lTS ° oo o -
GMP-S Y oAYpG—pC - —bAYpA—pC--
1o+t 42 14142 + - o+ -+ -+ -+ Enzyme
5-end:  *pAp(S) | p(S)Gp* pAp LT LA L C LG LU, NMP(0S)
Ficure 3: Processing of thio-substituted yeast pre-tRReAy E.
Mo? g™ coli RNase P RNA. Yeast pre-tRNi2¢ (pre-GPhe) was synthesized
slo o S\Ls o either with all-oxygen-containing nucleotides (lanes 1 and 2) or
‘ N o s X
AMP-S — pAtpGpC-- —hatdatic - containing 100% substitution with AMES (lanes 3 and 4), CMES
A4 12 141 42 (lanes 5 and 6), GM#S (lanes 7 and 8), or UMES (lanes 9 and

5tend: pGp 10). Substrate RNA (4570 nM) was incubated with 50 nN&.

. ; . li RNase P RNA subunit in 26L of 50 mM Tris-HCI (pH 8.0),
FiIGURE 2: Sequence surrounding the scissile bond of pre-tRRA co A ;

variants. Positiont1 is the 5-end of the mature tRNA domain. L M NH.CI, and 10 mM MgCj at 37°C for 1(?5 min. Products
Wild-type yeast pre-tRNA*is called pre-GPhe; the variant with ~ WETe separated by electrophoresis on a 10% polyacrylamide gel
A at position+1 is called pre-APhe. Arrows indicate the major ~ SONtainirg 7 M urea, an autoradiograph of which is shown. (Lane

positions of hydrolysis by the RNase P RNA subunit under steady- 10 iS skewed to the left.)

state conditions in buffer containing either RMg(10—20 mM) or L i . ) ]
Mn2+ (2—20 mM) as described in the text. Unless specified, both Surprisingly, as shown in lane 8 of Figure 3, under identical
Mg?* and Mrf* promote hydrolysis of the same bond. Beneath conditions RNase P RNA subunit completely failed to
each sequence is given the mononucleoside bisphosphate releas%ocess pre-tRNA[GM&S]. RNase P RNA activity is thus

by RNase T1 digestion from thé &nd of the processed tRNA and i i : T
detected by TLC analysis (this work: X. Li, Ph.D. Thesis, University significantly inhibited by thio substitution at one or more of

of Kansas, 1992). Asterisks indica#® label, as explained in the the phosphodiester bond§t6 guanosines in the substrate.
text and legend to Figure 7. This result was unexpected, but proved intriguing: Since

the scissile bond itself lies' 50 a guanosine, the GMES-
to this oxygen. RNA polymerase stereoselectively incor- dependent inhibition might result not from failure of enzyme
porates S-nucleoside 50-(1-thiotriphosphate)s of-thio- to bind substrate but from failure of a catalytically-required
nucleotides, referred to subsequently as NMEP with Mg?" to coordinate the scissile phosphodiester.
inversion of configuration, giving RNA transcripts containing  To determine whether thio substitution at the scissile bond
Re-nucleoside phosphorothioates [see Eckstein (1985)]. By rather than at other positions was responsible for inhibition
placing phosphorothioates at various positions in precursorof RNase P activity, we compared processing of the wild-
tRNA and processing these substrates with RNase P RNA, type pre-tRNA" referred to subsequently as prePBGe, with
we could infer the location opro-R- oxygens which are  that of a variant, designated prafe, in which base G

essential for enzymsubstrate binding or for Mg coordina- was changed to A (and the complementary 8 U). The
tion. The substrate we used was a semisynthetic precursosequence surrounding the scissile bond of these substrates
to yeast tRNAM containing a 3mature CCAy and a 43- and the positions of thio substitutions are shown in Figure

nucleotide 5 extension. The sequence surrounding the 2. If the pro-R- phosphate oxygern %o the scissile bond is
scissile bond is shown in Figure 2 (substrate pifi). the only oxygen necessary for cleavage, piPt&[GMRLS]
RNase P cleaves the bond between and G.; with respect will not be cleaved but pre-#he[GMR1S] will be, whereas
to the B terminus of mature tRNA. pre-GPhe[AMRyS] will be cleaved but pre-#Phe[AMRxS]

By in vitro transcription, we synthesized four pre-tRRA will not be. Figure 4 presents the results of an experiment
substrates, each of which included a 100% replacement ofin which substrates pre.8he and pre-fPhe were processed
one nucleoside'smonophosphate (NMP) by the correspond- to completion withE. coli RNase P RNA subunitin 10 mM
ing nucleoside Bmonophosphorothioate (NMFS). The MgCl,. As expected, RNase P RNA could not cleave pre-
substrates thus contained a sulfur at the nonbriddgtag  G,;Phe[GMRS] (shown in lane 1). However, pre:Rhe-
position of the phosphoryl'30 every adenosine (giving a [GMPaS] was cleaved (lane 2). Furthermore, pre-
transcript called pre-tRNA[AMRS]), cytosine (pre-tRNA- G:Phe[AMRyS] was an efficient substrate (lane 4), whereas
[CMPaS]), guanosine (pre-tRNA[GMES]), or uridine (pre- pre-AlPhe[AMRyS] was essentially inactive (lane 5).
tRNA[UMPaS]). These sulfur-containing substrates were  To confirm that phosphorothioates at positions other than
processed to completion with RNase P RNA subunitin 1 M the scissile bond had no effect upon RNase P action, we
NH4Cl and 10 mM MgC}, conditions which are optimal for ~ prepared another pre-tRN% substrate by priming in vitro
steady-state reaction (Smith et al., 1992). Figure 3 demon-transcription with the dinucleotide F5?P]pApG, giving a
strates that substrates pre-tRNA[AMS] (lane 4) and pre-  pre-tRNA called *pA-tRNA (* indicates théP label) whose
tRNA[UMPa.S] (lane 10) are cleaved to completion, as is 5 leader is [5%?P]JAMP and whose scissile bond is a
the unsubstituted substrate (lane 2), and that pre-tRNA- conventional phosphodiester betweem And Gy;. Tran-
[CMPaS] (lane 6) is also cleaved, though with a modestly scripts were synthesized in which the body of the tRNA
reduced efficiency. (This effect is attributable to an increased contained either exclusively GMP or exclusively GW®P.

Kp of the pre-tRNA-enzyme complex (Hardt et al., 1995).) Following cleavage of these substrates with RNase P, the
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Ficure 4: Processing of thio-substituted wild-type and mutant pre-
tRNAPhe by RNase P RNA subunit in 10 mM MggIWwild-type
yeast pre-@he (lanes 1, 3, 4, and 7) and the variant piPte
(lanes 2, 5, and 6) were synthesized either with phosphate-
containing nucleotides (lanes 3, 6, and 7) or with 100% substitution
by either GMRS (lanes 1 and 2) or AMES (lanes 4 and 5). tRNA
precursors (76100 nM) were processedrf@ h at 37°C with 700

nM E. coli RNase P RNA in 2@.L of 50 mM Tris-HCI (pH 8.0),

1 M NH,CI, and 10 mM MgCj.

1 2 3
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FiGUrRe 5: Processing of dinucleotide-primed’£3P]pA-tRNA
transcripts. Precursor '[82P]pA-tRNA (2—10 nM), unsubstituted
(lanes 1 and 2) or fully substituted with GMB (lanes 3 and 4),
was processed with 50 nH. coli RNase P RNA in 1Q:L of 50
mM Tris-HCI (pH 8.0), 100 mM NHCI, and 60 mM MgC} at 37
°C for 30 min. The released product was analyzed by-fegllulose
thin-layer chromatography using the -tfiormate system (see
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Manganese-Dependent Restoration of Glge at pro-
Re Sulfur-Containing Bonds.The inhibition of pre-tRNA
cleavage resulting from phosphorothioate substitution at the
scissile bond could result in principle either from a chemical
effect or a metal coordination effect. The chemical effect
results from the reduced electronegativity of sulfur versus
oxygen. A phosphorothioate phosphorus is consequently less
polarized and is a somewhat weaker target for nucleophilic
attack than is a phosphate phosphorus. The magnitude of
this effect has been found to result in-a11-fold reduction
in the rate constant for associative hydrolysis of a phospho-
rothiodiester bond versus a phosphodiester bond (Herschlag
etal., 1991). On the other hand, a metal coordination effect
results from the decreased affinity of kfgfor S rather than
for O (see Introduction). Mg coordinates preferentially
to oxygen, whereas softer metals like MnzZr?*, or CcP*
can, in increasing order, coordinate better to sulfur. Of these
metals, only MA* fully supports the RNase P RNA-catalyzed
reaction (Smith & Pace, 1993). Unlike a chemical inhibition,
a coordination inhibition induced by sulfur substitution can
be overcome or rescued by replacement of Mgith a softer
metal. We can thus distinguish between phosphorothioate
inhibition based on chemical reactivity and one based on
metal coordination by two simple tests. First, inhibition of
metal coordination should be partially reversed or rescued
by replacing Mg" with Mn?*. Second, if reactivity is limited
by the amount of bound metal, the apparent first-order rate
constant for phosphodiester bond hydrolysis should be
guantitatively commensurate with the association constants
for metal binding to oxygen or sulfur. We tested both of
these predictions by qualitative and quantitative assays of
E. coli RNase P RNA activity against oxygen- or sulfur-
containing pre-tRNA in the presence either of Wigr Mn?+.
Reactions were initially performed at concentrations of
NH.CI (1.0 M) and MgC} (10 mM) or MnC} (2 mM) which
are optimal for multiple-turnover reactions (Smith et al.,
1992).

Figure 6 shows the results of a qualitative processing
reaction. Unsubstituted pre:Bhe is processed almost
completely (in a 10-fold overdigestion) in buffer containing
either 10 mM MgC} or 2 mM MnCl, as seen in lanes 2

Methods). The positions of unreacted substrate at the origin and ofand 3 of Figure 6A. Cleavage of the thio-substituted

the internal marker'sAMP are indicated. In this TLC system; P
migrates between the origin and pA.

released Header was detected by thin-layer chromatography.
Figure 5 shows that both *pA-tRNA[GMP] (lane 2) and *pA-
tRNA[GMPaS] (lane 3) released comparable amounts of
*pA after incubation with RNase P RNA. GMS-
substituted *pA-tRNA was therefore cleaved efficiently and

substrate pre-Phe[GMRLS] is barely detectable in the
presence of 10 mM Mg@Gl(lane 4), whereas cleavage is
restored to a significant but less-than-control level with only
2 mM MnCl, (lane 5). To determine whether elevatedaVg
concentrations would also restore cleavage of the thiolated
substrate, an identical reaction was performed in 60 mM
Mg?*. Figure 6B, lane 4, demonstrates that in prolonged

at the same site as the unsubstituted substrate, demonstratinggactions with 60 mM Mg, RNase P cleaved pre-

that phosphorothiolation’ 5o guanosine residues other than
at the scissile bond does not significantly affect the RNase
P reaction.

Together, the data of Figures-3 clearly demonstrate that
uniform substitution of pre-tRNAwith either AMRS or
GMPaS does not significantly inhibit processing by RNase
P RNA unless the substitution occurs at the scissile bond
itself. The scissile bond is thus the sole position at which
introduction of arRe sulfur is sufficient to prevent cleavage
by the catalytic RNA subunit oE. coli RNase P.

G:1Phe[GMR)S] both at the phosphorothioate bondts
nucleotide Gi, and to a greater extent at the phosphate-
containing bond 5to nucleotide A;. The apparent ratio of
cleavage at nucleotide-1 to cleavage at-1 is ca. 3:1.
Replacement of Mg by Mn?* restores cleavage to position
+1 exclusively (Figure 6B, lane 5). Similar analysis of
preAi-Phe demonstrated that replacement of AMP by
AMPaS, which introduces phosphorothioatést® nucle-
otides—1 and+1, forces cleavage (in 60 mM Mg) to occur
exclusively at positiont2 within the mature tRNA (data
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FiIGURE 6: Phosphorothioate inhibition and manganese restoration
of RNase P cleavage. (A) Ten to 20 nM precursor piPi@, either
unsubstituted (lanes-13) or GMPRuS-substituted (lanes-b), was
incubated with buffer only (lane 1) or with 1.5 nM RNase P RNA
subunit (lanes 25) at 37°C for 320 min in buffer containing 50
mM Tris-HCI (pH 8.0), 1.0 M NHCI, 10 mM DTT, 0.5% SDS,
and either 10 mM MgGl(lanes 2 and 4) or 2 mM Mngllanes 1,

3, and 5). (B) Pre-@he (16-20 nM), either unsubstituted (lanes
1-3) or substituted with GM&S (lanes 4 and 5), was processed
with 1.5 nM RNase P RNA (lanes-5) in 50 mM Tris-HCI (pH
8.0), 1.0 M NHCI, 10 mM DTT, and 0.5% SDS plus either 60
mM MgCl; or 2 mM MnCl. Reactions proceeded for 320 min at
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Ficure 7: Metal-dependent selection of RNase P cleavage site in
oxygen and thio-containing pre-tRNAs. Mature-sized tRNAs from
experiments like those shown in Figure 6 were gel-purified and
subjected to Bmononucleotide analysis after digestion with RNase
T2. The substrate was pre-G1Phe containing either the four
unmodified nucleotides (lanes—#) or 100% replacement with
GMPasS (lanes58). Inlanes 1, 3, 5, and 7, the labeled nucleotide
was [0-32P]ATP and the nucleotide at positieril, whereas in lanes

2, 4, 6, and 8 it wasd-32P]JCTP and the ‘3nearest neighbor to
nucleotide G;. RNase P RNA cleavage reactions were performed
in buffer containing 10 mM MgGl (lanes 1, 2, 5, and 6) or 10
mM MnCl;, (lanes 3, 4, 7, and 8). RNase T2 digestion products
were separated on PEtellulose TLC plates developed with 1.6
M LiCl. The chromatographic origin is indicated by the solid line
at the right, and the positions of internal marker nucleotides pAp

37 °C. Products were detected by gel electrophoresis and autora-and pGp are outlined. The product pAp(S) (lane 5) is expected to

diography. The two Sleader species detected were produced by
cleavage 5to nucleotidest-1 or —1 where+1 is the first nucleotide
of mature tRNA.

not shown). Preliminary experiments (not shown) indicated
that replacement of Mg by Mn can restore cleavage pf A
Phe[AMPRuS] to position+1.

The exact position of RNase P cleavage was confirmed
by 5 end analyses of the products of similar reactions. Pre-
tRNAs were internally labeled either witb{3?P]CTP so that
the B terminus pGip* or p(S)Gi.p* would be labeled by
nearest-neighbor transfer or witlf?P]JATP to label 5
termini produced by cleavage at the upstream*pA (The

comigrate with pAp based on control analyses (not shown),
indicating that pGp(S) comigrates with pGp. In the analyses shown
in lanes 6 and 8, pGp arose by oxidation of p(S)Gp during sample
workup and chromatography. Evidence for the identity of p(S)Gp
is discussed in the text.

p(S)Gp* (Figure 7, lane 8). Virtually no cleavage at position
—1 (giving rise to pAp) was detected (lane 7).

The stability of nucleotide phosphorothioates under our
analytical conditions is illustrated by examination of lane 8
of Figure 7. The migration position of p(S)Gp*, near the
chromatographic origin, was determined both by TLC
analysis of chemically-synthesized p(S)Gp and, in analyses

asterisk indicates the labeled phosphate.) tRNA-sized cleav-of material from other reactions, by demonstration that iodine

age products were gel-purified and digested to completion
with RNase T2. The digestion products, a mixture of
internally-derived nucleoside-Bnonophosphates (Np’s) and
a B-terminal nucleoside 'B'-bisphosphate (pNp), were

cleavage released Gp* (B. C. Thomas and P. Gegenheimer,
manuscript in preparation). In most experiments;-20%

of the starting [3-32P]p(S)Gp* was oxidized to [F?P]pGp*

prior to or during the thin-layer analysis. This oxidation is

separated by chromatography on PEl-cellulose thin-layer probably enhanced by electrophilic catalysis by the imino

plates, as shown in Figure 7. Unsubstituted pi4& was
uniquely cleaved 30 G4, generating pGp* stermini, both

in 10 mM MgCk (Figure 7, lane 2) and in 10 mM Mngl
(lane 4). No 5*pAp termini, the products of cleavage at
position —1, could be detected (Figure 7, lanes 1 and 3).
Pre-GPhe labeled with -32P]JATP and substituted with
GMPaS, however, was cleaved in 10 mM MgQiredomi-
nantly to an alternate product whoseé&rminus comigrated
with pAp (Figure 7, lane 5) and was thus inferred to be
*pA_1p(S) or its oxidation product *pAp. Analysis of
product labeled withd-3?P]CTP demonstrated that a much
lower extent of cleavage occurredté G, producing 5
terminal p(S)Gp* and its oxidation product pGp* (Figure 7,
lane 6). In the presence of 10 mM Mnhowever, cleavage
of pre-GPhe[GMR1S] was restored to the correct position,
G.1, producing tRNA containing exclusively thétgerminus

groups of the PEtcellulose thin-layer plates, as described
by Frey (1989, p 147). The pGp product in lanes 6 and 8
of Figure 7 did not originate from GTP contamination in
the GTR1S used for transcription because (i) the amount of
pGp detected was substantially greater than the manufac-
turer's measured contamination (about 1%) of @BPby
GTP and (i) the ratio of Bterminal pGp to p(S)Gp is
relatively constant regardless of whether the RNase P reaction
is performed with M§" or Mn?+.

Quantitatve Measurement of the “Thio Effect” and Its
Reversal by Mi@*. The relative association constants of
Mg?* or Mn?* bound toS0 or S atoms in ATP and ATFS
have been calculated (see Introduction). ?Migas a 31000-
fold lower affinity for S than for O. In contrast, Mh
coordinates sulfur at th8 phosphorus of ATP some 177-
fold better than does My, although still roughly 175-fold
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weaker than it coordinatesfeoxygen. The affinities of these —
ions to thepro-R» oxygen orRe sulfur of polynucleotides
are likely to be similar to their affinities for nucleotide
B-phosphoryls (see Discussion). If a directly-coordinated
metal is required for RNase P catalysis, then replacement of
the pro-R- oxygen by sulfur will reduce the rate constant
for catalysis by a factor close to the decrease in binding of
Mg?* to sulfur.

Determination okgnemis complicated by the fact that under
steady-state conditions product release is the rate-limiting
step of the reaction catalyzed by the RNA subunit alone
(Reich et al., 1988; Tall$j& Kirsebom, 1993; Beebe &

Substrate Remaining (%)

Fierke, 1994), and the steady-state paramletgis limited 5 9 . ‘

by, and numerically close tdo« (Smith et al., 1992; Beebe 2. o - 2 a8 e ©

& Fierke, 1994). To measulgnem We therefore performed c 10 20 30 40 50
single-turnover reactions in which the-%& complex was time (s)

formed by mixing a saturating excess of RNase P RNA with Ficure 8: Single-turnover kinetic analysis of wild-type substrate.

substrate RNA. Decay of the-& complex was measured  pre-tRNA"e(pre-GPhe), containing all phosphate nucleotides, was
by quenching aliquots of the reaction mixture in 10 M urea reacted with excess RNase P RNA (73 nM) at pH 6.0 and 100
at 65°C. Because cleavage of unsubstituted substrate at pHMM MgCl; as described in Methods. The fraction of substrate

8.0 is too rapid to be measured manually and because 1demaining was fitted to the sequential binding and cleavage equation

) o . - described in Methods. The residuals from this estimating equation
mM Mn=" approaches insolubility at pH 8 (Dahm et al., e piotted in the lower panel. Open and closed symbols represent
1993; Pan et al., 1993), we performed most reactions at pHduplicate assays conducted in parallel. The inset shows the

6.0. Cleavage of preBhe[GMR1S] in the presence of 10  autoradiograph of electrophoretically-separated substrate and prod-
mM Mg?" was so slow as to be undetectable at pH 6 and ucts for one of the duplicate reactions. Electrophoretic positions
was therefore measured at pH 8; rate constants at pH 8 Wereg:fCI Igtielgl(i};%refhi{zyme RNA;'S, substrate; P2, mature tRNA;
extrapolated to pH 6 using a linear dependence of hydrolysis ’ '

on [OH7] (Smith & Pace, 1993).

The standard assay measures decay of substrate from the Further reactions were performed at 10 mM Ngr

E-S complex. However, for substrate preBhe[GMR1S], Mn?t, Ten miIIiquar Mg‘”. is close to optimal for the
cleavage in the presence of Rfgoccurs at two sites, only ~ Steady-state reaction (Smith et al., 1992) and for the
one of which is the correct one! ® nucleotide+1 (e.g. cooperative phase of the single-turnover reaction (Smith &

Figure 6B, lane 4). To estimate the rate of hydrolysis at the Pace, 1993), yet, unlike higher concentrations ofMdoes
correct bond alone, we estimated the rates and extents ohot support excessive cleavage at alternate sites (compare
cleavage at nucleotide$1 and —1 from a few single- Figure 6A to Figure 6B). We also found 10 mM Fto
turnover reactions in which the twd ader RNAs could  pe optimal for multiple-turnover reactions (not shown). The
be separated from each other well enough for quantitation. yesyits of these kinetic experiments are presented in Figure

In such a reaction conducted in the presence of 100 MM g A summary ofkops determinations for hydrolysis of

Mg?*, the measured rate and extent of cleavage were roughly - ;
' : . ! i oxygen- or sulfur-containing pre-tRNA¢in the presence of
equal, the ratio ok,psbeing 1.2:1 and the ratio of maximum Y9 gp P

+ + i ;
product formed being 1.3:1, for cleavage at nucleotide Mg=" or _Mn2 IS pres_e_n_ted in Table 1A, and a comparison
versus cleavage at1 (data not shown). For several pf kobs With metal affinities for oxygen and sulfur is given
reactions conducted in 10 mM MgIn which separate rates N Table 1B. Replacement of the scissii®-R- oxygen by
were not measured) the amount of products produced bySulfur reduces the apparent rate constant for magnesium-
cleavage at the two positions was very nearly identical, dependent pre-tRNA hydrolysik,d"9, by 28400-fold. This
although in a few reactions the ratio appeared to favor decrease is commensurate with the 31000-fold reduced
cleavage at position-1 by 2:1 or 3:1. affinity of Mg?* for S versus30 in ATP. In the presence

For comparison to published values, kinetic measurementsof Mn?*, however, the replacement of oxygen by sulfur
were first performed on the unsubstituted wild-type pre- reducesod? only by 77-fold, again commensurate with the
tRNAPheat a MgC} concentration (100 mM) which is close  ~175-fold reduction in the affinity of M#f for S compared
to saturating folkenem The results of a typical analysis are  with Mn?* for O. As seen in Table 1C, replacing Rtgwith
shown in Figure 8. Since the data illustrated displayed a Mn2*+ thus rescued or increasdghs for hydrolysis of Re-
clear lag prior to cleavage, they were fit by a model of thjo-containing pre-tRNA by 2380-fold. This Mh-depend-
sequential binding followed by cleavage as described in gnt rate is still 12-fold lower than the rate for Ktgpromoted
Methods. Thezvzillue dfobsdeter_mmed at pH 6'(.) was @'13 cleavage of the oxygen-containing substrate. From these data
+0.22) x 107 s %, Extrapolation to pH 8.0 givekos = we also note that the rate constant for Whdependent

4.1 £+ 0.2 s%, which corresponds well withchen= 5.9 + . - .
0.3 s determined directly at pH 8.0 using rapid stop hydrolysis of the all-oxygen-containing substrate is 6.4-fold

quench kinetics (Beebe & Fierke, 1994). Moreover, the Jreater than the rate constant for #glependent hydrolysis.
calculated association rate constant for enzymbstrate  1hiS increase is consistent with several roles for?Mgr
binding (i) was (3.63+ 1.00) x 10° M~* s71, within the Mn2t in the hydrolysis step, as will be discussed subse-
range of 3 to 6x 10° M~! s~1 obtained foB. subtilisRNase qguently. The magnitude of the “Mn rescue” (ca. 2400-fold)
P RNA by Beebe and Fierke (1994). is in fact comparable to that of the product (1120-fold)
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FiGure 9: Single-turnover kinetics of oxygen or thio-containing
substrates catalyzed by Mfgor Mn?*. Data were obtained and
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Table 1

A. Single-Turnover Rate Constants for the Thio-Inhibited
and Mn-Rescued RNase P reactins

divalent Re atom

cation [e) S
Mg (1.36+0.08)x 103 (11)  (9.57+ 0.43)x 1078° (4)
Mn (8.73£0.56)x 103(4)  (1.144 0.06)x 107 (6)

B. Thio Inhibition Ratios at Phosphodiester Bofid

kobsolkobsS KAO/KAS
ligand (experimentaP (literature}
Mg 28 400+ 2040 31000
Mn 776 175
(Mg:0O/Mg:S)/ 370+ 28 177
(Mn:O/Mn:S)

C. Observed and Expected Manganese Rescue Effect
Mn rescue ratiokosd"/Kopd"9

ligand experimentéal expected difference
o 6.42+ 0 6.31 1.06x
S 2380+ 160 11260 2.12x

aNumbers ardops += 1 SE (standard error of the estimate), in units
of s, In parentheses is the number of replicate determinations pooled
in the curve fitting. Data were fitted by the single-exponential decay
equation, except for the Mn:O combination which showed a lag and
was fitted by the sequential binding and hydrolysis equatidssing
kobs® (Phosphate;) = 0.5 x kons® (phosphate; and phosphate) and
corrected from pH 8.0 to pH 6.0; see tekRatios are calculated from
the values of part A and are givehl SE.4Pecoraro et al. (1984).
The entry 175 is the average of 158 and 193; the entry 177 is 31000/
175.¢Calculated from the data of part A. Values are giveh SE.
f Antilog(pK MM — pKM9); i.e. KMK M9, 9 Calculated as the expected
Mn/Mg binding affinity ratio (177, from part B) times thk, ratio
(6.31).

for phosphates in RNA, and this is likely to be true. For
example, the&p of Mg-ATP, an approximately 60% triden-
tate complex, is 2QuM and that of MgGADP, a largely

analyzed as described in Methods and the legend to Figure 8. Forbidentate complex, is 78M (Pecoraro et al., 1984). For
both A and B, the upper panel shows the primary data and comparisonKps of Mg?* for multiple-ligand, high-affinity

computer-fitted curve; the center and bottom panels show the plotssijtes in tRNA range from 10 to 100M (Pan et al., 1993).

of residuals for Mn- and Mg-dependent reactions, respectively. Note
that residuals for the Mn-dependent reactions are plotted with

Next, which step(s) in the cleavage reaction requires bound

expanded x-axes. (A) Cleavage of all-phosphate pre-tRNA. Open Mg?™? This, in turn, can be broken down into two

circles represent reaction in the presence of 10 mM MgGhta

are fit by the single-exponential decay model. Filled circles represent

reaction in the presence of 10 mM MnCData are fit by the
sequential binding and cleavage model. (B) Cleavage of GMP

guestions: (i) Is the rate-limiting step the same for the four
different combinations tested of divalent cation grd-R»
atom? (ii) Is the M@"-dependent step we detect indeed the

containing substrate. Open and filled squares represent reaction inactual hydrolytic event, or is it an earlier step in the RNase

the presence of 10 mM Mg&hnd 10 mM MnC}, respectively.
Both data sets are fit by the single-exponential decay model.

of a 177-fold greater affinity of M# over Mg?* for sulfur

and the 6.3-fold greater acidity of Mn hydrate over Mg i change comparable to *

hydrate.

DISCUSSION

Mg?" Coordination by the Scissile BondThe simplest

P reaction? In the most general enzyme reaction sequence,
formation of the initial enzymaubstrate “collision complex”

is followed by conversion to the active or “specific complex”
[see Gutfreund (1995), p 186]. For example, a conforma-
docking” of H-bonded substrate
into the catalytic site of th&etrahymenaroup | intron [e.g.
Herschlag and Khosla (1994)], is plausible for many nucleic
acid processing enzymes. Additionally, Beebe and Fierke
(1994) have identified two kinetic isomers &. subtilis

explanation of these experimental results is that the magni-RNase P, differing in their pre-tRNA-binding properties,

tude ofkeps is governed directly by the affinity of Mg or
Mn?t for the pro-R- atom of the scissile bond. This

which must interconvert prior to catalysis.

We can address these questions in turn. First, the

interpretation hinges upon knowing first whether the binding consistency of the magnitude of the correlation between our

of divalent cations in the RNase P enzymséstrate active
site is comparable to their affinity for theé phosphate of

experimentak,ps and the predicte®p for all combinations
of divalent cation anghro-R- atom, over a 18fold range of

ATP calculated by Pecoraro et al. (1984) and second whetherk,,svalues, supports the proposal that the same metal-binding

kobsmeasures the rate-limiting step in the hydrolysis reaction. event is rate-limiting under all four conditions. Were a rate-
We must first know that the estimated affinities of ¥g limiting conformational change to exist, with a rate constant

and Mr#t for phosphates in ATP are similar to their affinity  slower (by definition) than hydrolysis of all-oxygen substrate



Mg?" Coordination by the Scissile Phosphodiester Biochemistry, Vol. 36, No. 9, 19972435

but faster than hydrolysis of phosphorothioate substrate, thenotide monophosphates; N7 coordination was excluded. In
in changing from oxygen- to sulfur-containing substrate, the every instance, phosphate coordination by?Mwas 3.8-
change in the rate constants for the limiting steps (isomer- 4.2-fold tighter than coordination by Mty These data were
ization and metal-binding, respectively) would be less than obtained with free compounds in solution, however, and
the change in affinity of Mg for oxygen versus sulfur.  might not be indicative of relative affinities in the RNase P
Moreover, if a metal-independent step prior to hydrolysis enzymesubstrate complex.

were rateTIimiting, it is unlikely that we could dete(_:t _the Taken together, our data are consistent with a proposal

observed increase ks for cleavage of oxygen-containing  {hat thepro-R-bound M@*+ or Mn?* generates the attacking

substrate when Mt replaces Mg". hydroxide by acidifying a coordinated water molecule. We
Second, several lines of evidence indicate that we are cannot exclude that some or most of the increased reactivity

measuring the rate constant for the chemical step. (i) Theof Mn2+ might result from tighter binding of M to
value we measure fdkps is consistent with that okchem phosphate oxygens.

determined by other researchers (Smith & Pace, 1993; Beebe
& Fierke, 1994). (ii) There is no kinetic evidence for a rate-
limiting step between substrate binding and catalysis in
single-turnover reactions (Beebe & Fierke, 1994). Although
RNase P RNA might exist in two conformers, the kinetic
isomerization detected fd. subtilisRNase P RNA occurs
only after substrate cleavage and so is not rate-limiting in
single-turnover reactions. (iiRysfor cleavage of oxygen-
containing substrate increases when?Mis replaced by
Mn?*. This stimulation of activity by M&" is consistent
with a mechanism involving deprotonation of MgH, or
Mn-OH,, as discussed below. If the increasekip; results
from the increased acidity of a metal-bound water, tkgn
indeed measures the catalytic step. Ultimately, then, the
simplest conclusion is that the rate-limiting step in phos-
phodiester bond hydrolysis requires inner-sphere coordination
of Mg?* or Mn?* by thepro-R- nonbridging position of the
scissile bond.

Does the pro-Rbound Cation Also Coordinate the
Nucleophilic Water? Any divalent cation bound to a

Lack of a Substantial Chemical Effec’he numerical
discrepancy between the magnitude of thio inhibition and
manganese rescue effects calculated solely from coordination
effects, and their experimentally-observed magnitudes, should
be attributable to the intrinsic chemical thio effect described
earlier. Sincekops = KehenKaM9[Mg?™], the chemical thio
effect, Kenen/Kenenty €quUAlS Kop/Kops?)/ (KaMIC/K AM9-S), which

is (284004 2040)/31000 or 0.92 0.07. In other words,
there is no measurable chemical thio effect within the error
of these determinations: the entire changk,ijappears to
result from changes in metal coordination. A similar lack
of chemical thio effect was determined by Herschlag et al.
(1991) for intramolecular cleavage (base-catalyzed phos-
phoryltransfer) of oligonucleotides containing a sin§le
phosphorothioate bond. Chemical thio effects on intermo-
lecular phosphodiester cleavage reactions range from 2- to
10-fold (Herschlag et al., 1991, and references cited therein).
The chemical thio effect on the RNase P reaction is thus at
the low end of those observed for associative phosphodiester

S i ; ._cleavage reactions and is consistent with the proposed

nonbridging phosphate oxygen is also a candidate for a LeW|sh drolvtic reaction mechanism
acid catalyst which deprotonates water to provide an attack- yarolyt R ) )
ing nucleophile. Our data are completely consistent with a A Proposal for the Scissile Bond in the RNase P ikt
model in which the attacking hydroxide is an inner-sphere Site. From the experimental data, it is now possible to
ligand to the M&" or Mn?* bound to thepro-Re» oxygen of propose a detailed model of the scissile bond during RNase
the scissile bond. First, the 6.4-fold increasdjp over P catalysis. Our model, presented in Figure 10, is based on
kopd"9 is commensurate with the 6.3-fold increased acidity direct or inner-sphere coordination by th-R oxygen of
of H,0 bound to M&* rather than to M. [The K, of the scissile bond, as shown in this work. We also incorporate
water decreases by 0.8 pH unit when coordinated t"Mn three hypothetical features which are consistent with available
rather than to Mg (Burgess, 1988; Pan et al., 1993).] €xperimental data and which could define the position of a
Second, a supporting line of evidence comes from early reactive Mg* ion: first, indirect or outer-sphere coordination
observations of Guerrier-Takada et al. (1986), who found by hydrogen bonding between an inner-sphere water and the
that E. coli RNase P activity in the presence of kg  2-hydroxyl of the nucleotide at position1 [as suggested
increased roughly linearly with [OF between pH 4.5 and by Smith and Pace (1993)], second, outer-sphere hydrogen
6. At or below pH 6, product release is not rate-limiting bonding to N7 of the purine nucleotide at tRNA position
for catalysis (Smith & Pace, 1993), so thaKif is constant, 11 [consistent with results reported by Kahle et al. (1990)],
overall activity (~ke/Ky) is an adequate measure kgfem and third, activation of the nucleophilic hydroxide ion
When the pH dependence of RNase P was determined in(Guerrier-Takada et al., 1986).
the presence of M, a similar dependence was observed  Coordination by the pro-R Nonbridging Oxygen. Al-
but was shifted downward by about 0.5 pH unit (Guerrier- though there are, in principle, many locations for a magne-
Takada et al., 1986). These data are consistent withsium ion bound to th@ro-R- oxygen, we chose to position
deprotonation of water by Mg or Mn?" ion in the RNase  this Mg?* at a location we denote as site C, analogous to
P reaction. the position of the hydroxyl moiety of Tyr497 in the crystal

A note of caution must be raised. We cannot determine, structure of Pol | Exo (Beese & Steitz, 1991), because hand-
from our data, what fraction of the Mn-dependent increase and computer-built models indicate that this position is
in kops might result from increased acidity of a Mrbound favorable for direct coordination of the attacking nucleophile.
water molecule and what fraction might result from an As a consequence of this positioning, we noted that a fully-
increased affinity of M over Mg for phosphate oxygen.  hydrated magnesium would be in a favorable position to form
Sigel and co-workers (Massoud & Sigel, 1988; Massoud & H-bonds with the upstream-®H and with the downstream
Sigel, 1989) determined stability constants for monodentate N7. The present model (Figure 10) is one which satisfies
coordination of Mg" and Mr?* to the phosphate oxygens these bonding possibilities and requires the least movement
of simple phosphomonoesters, ribose-5-P, and various nuclefrom the nucleotide conformation of helical domains in the
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A directly coordinate O3(Piccirilli et al., 1993). Second,
catalysis byE. coli RNase P RNA is inhibited by thio
substitution of thepro-S oxygen, the magnitude Ofgps
reduction being severalfold greater than that for thio substitu-
tion at the pro-R- position (L. Li and P. Gegenheimer,
manuscript in preparation). Furthermore, the lack ofMn
rescue at thepro-S position indicates that any essential

ligand located there is not directly coordinated

Outer-Sphere Coordination of propfbound Magnesium.
Our model indicates that a hydrated magnesium ion is
capable of binding simultaneously to three ligands surround-
ing the scissile bond. For comparison, the dgon
occupying site 1 in the orthorhombic crystal of tRRIA
(6TNA; Holbrook et al., 1977) has one inner-sphere and five
B outer-sphere ligands to tRNA; this is presumed to correspond

N2 to a tight-binding site. Indeed, indirect evidence is consistent
with multiple ligands to thero-R--bound Mg in the RNase
P reaction.

The ribose 2hydroxyl of pre-tRNA nucleotide-1 has
already been implicated in formation of a binding site for a

§' LEADER ,N Z N
\O\ < x J
Gl N N

-'-u,],,g 0 O THzo H(C) catalytically-involved magnesium ion. Removal of 'ths 2

) o, L, -%-\_‘MS_Z% OH reduce,,s 3400-fold and reduces the cooperativity of
| of B ":.,,‘lH R Mg?* binding from 3 to 2 [Smith & Pace, 1993; Perreault

- — |= R NH and Altman (1992) and Kleineidam et al. (1993) present
I N ¢ 1 comparable data althoudd,s was not determined]. More-

CHz ) NN, over, replacement of this'-®H with 2-OMe reducesops
~10-fold. This evidence implicates the upstreat¥OH in
stabilizing a hydrated magnesium ion, most likely by serving

°\ OH as an H-bond donor to an inner-sphere water (Smith & Pace,

mature tRNA 1993).

Ficure 10: A revised model of the scissile bond during the RNase ol T ; PR
P reaction. These models depict the proposed transition state in Another potential ligand to a hydrated divalent cation is

phosphodiester bond hydrolysis. (A) Relaxed stereoview of a model N7 Of the _purine ring 3to the scissile bond. In the
built from nucleotide X-ray coordinates as in Methods. The scissile orthorhombic crystal structure of tRN&(6TNA), the Mg+
bond is between nucleotides Aand G.;. Labels mark thero-S at “site 1”, which is directly coordinated by thgro-Sp

oxygen, attacking OH, catalytic Mg(HO)s, and N7 of G1. (B) : L . .
Interpretive sketch of the model in panel A. Two additional Mg phosphodiester oxygen of G19, is indirectly coordinated via

hydrates are included at sites A and B. The upstrea@H and outer-sphere hydrogen bonding to N7 of the downstream
downstream N7 are marked with bold type. G20. Furthermore, in the complex of Kfgwith 5'-AMP,

up to 5-10% of the bound hydrated Mgforms a macro-
refined crystal structure of yeast tRR% (Sussman et al.,  chelate in which an outer-sphere water coordinates adenine
1978). N7 (Massoud & Sigel, 1989). For the Mih5-AMP

Previous models of the RNase P catalytic center (seecomplex, approximately 15% of the metal is coordinated
Figure 1) have presented the opposite stereochemistry at thejirectly or indirectly to N7 (Massoud & Sigel, 1989) and
scissile bond: a My generating the nucleophilic water was  perhaps half of that is in indirect (outer-sphere) macrochelates
arbitrarily chosen to coordinate tho-S rather than the  [see Sigel (1987) for macrochelate formation with ATP].
pro-Re oxygen (Haydock & Allen, 1985; Guerrier-Takada These data indicate that a binding site for theo-Re
et al., 1986; Smith & Pace, 1993), although Smith (1995) phosphate-bound Mg could be completed by outer-sphere
has revised that model to indicgieo-Re coordination. Our  ¢qordination from N7 of the purine at positiohl. This
model also differs from earlier proposals in that we dem- ,gipiity is reinforced by the demonstration that methylation

rather than an outer-sphere ligand to the activeé'Mg

We show two additional hydrated Mgions occupying
sites A and B with indirect (outer-sphere) coordination by
thepro-S oxygen of the scissile bond and direct coordination
by O3. Although the location of these cations is strictly
speculative, their presence is suggested by experimental

evidence and by comparison with information on the active : N
site of theT. thermophilagroup | intron. At least three Mg The severity of inhibition suggests a :00000-fold decrease

ions, or classes of ions, are likely to be directly involved in 1N ke @ Magnitude which is consistent with blockage of

catalysis by RNase P (Smith & Pace, 1993; Beebe et al.,Mg*" binding.

1996), and two of these ions appear to stabilize th& E We emphasize that, although adenosiféy&iroxyl and
complex (Hardt et al., 1993; Beebe et al., 1996). By analogy guanine N7 can physically coordinat@@-R--bound Mg,

with the Tetrahymenaroup | intron, one of these ions may there is no experimental evidence that they actually do so

by the RNA subunit oE. coliRNase P (Kahle et al., 1990).
Control experiments showed that Bwvas the only position

at which N7 methylation blocked cleavage. Enzyme in 10-
fold excess over that required to produce 100% cleavage of
|unmodified substrate released no detectable product from
m’G-substituted pre-tRNA [Figure 2 in Kahle et al. (1990)].
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nor that, if they did, they must coordinate the same ligand. Scheme 2

Participation of Purine N7. A requirement for Mg" PKa
coordination to N7 of the guanin€ & the scissile bond "M% <= MgHOT+ H+ Mg + P1
would partly explain the predominance of purines at position e & Q ks
+1 of bacterial tRNAs. For example, of 276 (eu) bacterial =* %, ¥S =, SSMeMOI" 2 EPIMgP2 <= EP2 <= E+P1+F2

tRNA sequences in the tRNA sequence database (Steinberg

etal., 1993) with Stermini at+1, 82% initiate with a purine  sjte with preference for the upstream over the downstream
nucleotide (79% with G and 3% with A), 13% with C, and pond. A similar utilization of alternate cleavage sitésc
5% with U. (Details of this analysis are given in the pycleotides—1 or +2, when the correct siteH{l) was
Methods.) A similar distribution is found for 375 eukaryotic thiolated, was described by Kahle et al. (1993). Furthermore,

cytoplasmic tRNAs, 82% of which start with a purine (76%  gmjth and Pace (1993) demonstrated that replacement of the
G, 6% A), 6% with cytidine, and 12% with uracil. Indeed, upstream 20H with 2-OMe forced slow cleavage at

of 1759 tRNA sequences from all organisms for which base , jeotide+2 within the tRNA as well as at the correct site.
+1is the Send, 83% start with purines (67% guanine, 16% g gjo\ rate, higher magnesium requirement, and manga-
adenme) and .17% Initiate W'th py_r|m|d|ngs (8% cyndme, nese reversal (shown in the present work) of these alternate
9% uracil). This distribution is consistent with a requirement cleavages suggest that they depend upoA*Mgordinated

for an H-bond acceptor in the base at positibh. In the to the pro-R- oxygen at secondary, low-affinity sites in the

p“r_'”?‘j_ thlsbacceptor '.‘T’ ng Indtlm?h(_:onfﬁ;matlon oLtT)e d substrate. This implies that a mechanism exists whereby an
pyrimidin€ base, uracl and cytidine (as an H-bon alternate scissile bond can be placed into the catalytic site

donpr rather_ th_af‘ an_acceptor) are poor substitutes for N7’or that a catalytic site can be formed at an alternate position.
but if the pyrimidine ring were rotated into the less-favored : S
For example,E. coli RNase P does possess the intrinsic

syn conformation, N3 would occupy the position of the ability to catalyze hydrolysis of pre-tRN& substrates at

purine N7. 2
Role of the Enzyme RNA in Metal Coordinatiofhe site posmon. 1 (Bf”""’_“d et al.., 1_988)' )
specificity of RNase P cleavage implies that Mdpn(s) at A Rejised Kinetic Description of the RNase P Reaction.

the substrate’s scissile bond are likely to be coordinated by Drawing on the scheme presented in the introduction, details
specific ligands provided by the active site of the enzyme. discussed above, and the kinetic steps delineated by Beebe
Examination of molecular models of the enzysubstrate ~ and Fierke (1994), we can now justify a more detailed kinetic
complex (Harris et al., 1994; Westhof & Altman, 1994) model for the RNase P reaction (Scheme 2).

reveals numerous enzyme phosphodiesters which are exposed Several features of this scheme are noteworthy. First, we
in the modeled active site and which surround the scissile propose that the binding site for the reactive magnesium
bond. Direct assay, by phosphorothioate modification exists only in the BS complex when the scissile bond is
interference and manganese rescue, demonstrates that phogistorted toward the transition-state conformation. This site,
phates whosepro-R» oxygens are required for substrate \hose existence requires flexing of the scissile bond away
binding or phosphodiester bond hydrolysis are predominantly from the geometry of A-helical RNA, is unlikely to exist in

clustered along the major groove of helix P4 in thecoli native pre-tRNA if the base at positionl is stacked on
RNase P RNA (Harris & Pace, 1995; Hardt et al., 1995). In pase 1 or maintains any helical character. Second, the

_particular, u69 and _pogsibly C70 d?rectly coordinate¥g catalytic Mg hydrate binds the-E complex as Mg[OH].
ion(s) required for binding stabilization (Hardt et al., 1995),  ajthough this is not a necessary feature of the structural or
and the phosphate & A67 donates itpro-R-0xygen asa  yinetic model, the data are consistent with generation of
ligand to a catalytically-required magnesium ion (Harris & hydroxide by an agueous Mgion. (Conceivably, its acidity

Pace.’ 1995)'. Examination of our .prop.osed model for the . q increase upon binding theSEcomplex.) This feature
scissile bond indicates that the binding site forg could ¢ e model is consistent with the demonstration that the

be formed largely from ligands provided by the substrate; hydrolysis reaction has a measurakig for hydroxide ion

the major role of the enzyme would thus be to bind pre- (Smith & Pace, 1993); we su ;
; . . . — , ; ggest that tHig is actually
tRNA in the transition-state conformation depicted in Figure that of the Mg[HO] species. [Indeed, Smith and Pace

10. In this structure, the“two nucleo”sides sur_roun_ding the (1993) foundKy for hydroxide to be essentially the same
s;:lssLl]edbonddhave bee_n openedTEp to pfermlt facﬂei ety as Km for Mg?t.] Under these circumstances, RNase P
of a hydrated magnesium ion. 'S conformational rear- reaction velocity will be limited by the concentration of
rangement is consistent with protection mapping data of Mg[HO"], or in other words ke, in our experiments is
Knap et al. (1990) which indicate that pre-tRNA substrate kcgr,{M -bH*]K Mg[HO-] Thira btshe catalytic M3 must
partially unfolds upon binding the RNA subunit. We propose di';esocigte foIIvaing cieavage’certainly xith or before

that functional groups of the enzyme may be more important . o . R AT
in coordinating Mg+ ions bound at sites other than C, dissociation qfthe 5Ieader—a§ its binding site is eliminated
by phosphodiester hydrolysis.

perhaps at sites A and B.

Cleavage Site SelectionThe present data provide a strong ~ In conclusion, localization of thepro-R--bound Mg*
indication that the selected scissile bond in a pre-tRNA is allows construction of several realistic and testable models,
that one, closest to the “correct” site, at which a¥gor one of which we propose in Figure 10, for the scissile bond
Mn2*) ion can bind thepro-R- phosphate oxygen. Our inthe RNase P hydrolysis reaction. The proposed disposition
observation of alternate cleavage sites in phosphorothioate-of metal ligands in this RNA-catalyzed reaction is similar
substituted pre-tRNA is consistent with the proposal that to that in some protein-catalyzed phosphodiester bond
when the correct phosphodiester bond is blocked by the hydrolysis reactions. Current efforts are directed toward
presence of afiRe sulfur atom, RNase P RNA will cleave evaluating the involvement of other potential fdigands
slowly at the oxygen-containing bond closest to the correct by the substrate as well as by the enzyme.
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