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ABSTRACT. The RNA subunit of bacterial ribonuclease P (RNase P) requires high concentrations of
magnesium ions for efficient catalysis of tRNA-Baturation in vitro. The protein component of RNase

P, required for cleavage of precursor tRNA in vivo, enhances pre-tRNA binding by directly contacting
the B-leader sequence. Using a combination of transient kinetics and equilibrium binding measurements,
we now demonstrate that the protein component of RNase P also facilitates catalysis by specifically
increasing the affinities of magnesium ions bound to the RNapeeRRNA'SP complex. The protein
component does not alter the number or apparent affinity of magnesium ions that are either diffusely
associated with the RNase P RNA polyanion or required for binding mature 4#RNvor does the protein
component alter the pH dependence of pre-tRMAleavage catalyzed by RNase P, providing further
evidence that the protein component does not directly stabilize the catalytic transition state. However, the
protein subunit does increase the affinities of at least four magnesium sites that stabilize pre-tRNA binding
and, possibly, catalysis. Furthermore, this stabilizing effect is coupled to the P prboteadbr contact

in the RNase P holoenzynpe-tRNA complex. These results suggest that the protein component enhances
the magnesium affinity of the RNasepPe-tRNA complexindirectly by binding and positioning pre-
tRNA. Furthermore, RNase P is inhibited by cobalt hexammie<0.114+ 0.01 mM) while magnesium,
manganese, cobalt, and zinc compete with cobalt hexammine to activate RNase P. These data are consistent
with the hypothesis that catalysis by RNase P requires at least one-weatal ligand or one inner-
sphere metal contact.

Ribonuclease P (RNase 'Pjatalyzes the essential-5  has been estimated as 30 mM, but the free concentration of
maturation of precursor tRNA (pre-tRNA) in all organisms magnesium is~1 mM (11, 19. Therefore, one role of the
by the cleavage of a specific phosphodiester bond, yielding protein component (P protein) is to decrease the magnesium
5'-phosphate and'3ydroxyl end groupsl(—3). Bacterial ion requirement of RNase P.
RNase P consists of a single RNA subunit 6400 Magnesium ions fulfill multiple functional roles in RNase
nucleotides and a single protein subunitdf20 amino acids, P, Direct measurement of the interaction between magnesium
and both subunits are required for pre-tRNA processing in and P RNA (3) demonstrates that 100 magnesium ions
vivo (4—7). The RNA component alone (P RNA) is sufficient  associate nonspecifically with P RNA, by electrostatic forces,
for catalysis of pre-tRNA cleavage in vitr)( hence, PRNA o screen repulsive interactions between phosphates of the
is a ribozyme. However, compared to the holoenzyme- p RNA backbone and to promote formation of a compact
catalyzed reaction, the P RNA-catalyzed reaction requirestertiary structure 14). Several additional magnesium ions
high concentrations of monovalent and divalent cati@s ( are proposed to bind to specific sites to promote P RNA
10). In the cell, the total concentration of magnesium ion folding (15, 16§ and stabilize ground and transition state
interactions with the pre-tRNA substrate8( 17. The protein
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2-methyl-1-propanol; CECOOH/Mes/Tris buffer, 25 mM acetic acid, Functional studies indicate that the protein component of

25 mM Mes, 50 mM Tris; E, RNase P RNA or RNase P holoenzyme; B. subtilisRNase P has modest effects on the global folding

EDTG\' (.ethy'%”?\jl’i“itrgc"‘?te”aaﬁelt?c "’)‘Cit?]? HQSifB'thr‘.’a‘VC&A“in%Ue' of P RNA, as measured by Fe(ll)-induced hydroxyl-radical
-Sultonic acia; Mes, -morpnolino)ethanesulfonic acia; ivies/ 1ris .
buffer, 50 mM Mes, 50 mM Tris; Mes/Tris/Amp buffer, 50 mM Mes, cleavage 16). Therefore, the effect of the protein component

25 mM Tris, 25 mM Amp; PEI, polyethylenimine; pre-tRNA, precursor ~ ON the magnesium ion dependence of catalysis is not
to transfer RNA; RNase P, ribonuclease P; RNase P RNA or P RNA, mediated through stabilization of the global tertiary structure

RNA component of RNase P; RNase P protein or P protein, protein ;
component of RNase P: S or pre-tRAA precursor tRNA®: SDS, of P RNA, as observed for other proteiRNA complexes

sodium dodecy! sulfate; Tris, tris(hydroxymethyl)aminomethane; UpG, (18, 19. In fact, kinetic and thermodynamic studies dem-
uridylyl (3'—5)-guanosine. onstrate that the protein subunit enhances the affinitig.of
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subtilis RNase P for pre-tRN&P by 10*-fold, without Costar) and equilibrated with 10 mM Tris-HCI, pH 8.0. Large
substantially affecting the cleavage rate constant or maturequantities of P RNA (3640 mg) were purified by denaturing
tRNA binding @0, 21). Moreover, cross-linking experiments 5% PAGE, and eluted into TE buffer (10 mM Tris-HCI, pH
using photoagent-modified P proteir®2) indicate that this 8, 1 mM EDTA) containing 0.1% sodium dodecy! sulfate,
enhancement depends on direct contacts between’the 5 as described?). Eluted P RNA was concentrated by ethanol
leader sequence of pre-tRNA and amino acids in the P proteinprecipitation, and 5 mg portions were further purified using
“central cleft” 23). “RNeasy” columns (Qiagen) or PD-10 gel filtration columns
Here we examine the effects of the P protein on both (Amersham-Pharmacia) equilibrated in 10 mM Tris-HCI, pH
specific and nonspecific magnesium ion interactiongin 8.0, to remove residual urea and SDS. The RNA was again
subtilisRNase P. The protein subunit exerts little effect on precipitated with ethanol and resuspended in 10 mM Tris-
the nonspecific, electrostatic association of RNase P with HCI, pH 8.0, to prepare a concentrated stoelo(l mM).
bulk magnesium ions or the specific magnesium ions that Concentrations of RNAs were determined by measuring the
mediate the binding of the mature tRR#& product. How-  absorbance at 260 nm as previously descril@8). RNAs
ever, measurements of the magnesium ion dependence oyvere refolded by incubation at 9% for 3 min, followed
the cleavage rate constant indicate that the protein subunitby a 2-fold dilution into 2 reaction buffer and incubation
increases the affinity of the RNasepPe-tRNA complex for ~ at 37°C for 15 min.
specific magnesium ions. Therefore, we envision that favor-  The recombinant protein component&fsubtilisRNase
able contacts between the protein and thie&der sequence P was expressed in BL21(DE3)pLyEScoli (29) containing
stabilize (either directly or indirectly) specific magnesium the plasmid pPWT-1 by growth at 37C followed by
sites formed in the P RN#re-tRNA binary complex. induction with isopropylthigs-p-galactopyranoside, as de-
Furthermore, the effects of the protein component on the scribed B0). The protein was purified by chromatography
potential catalytic roles of magnesium ions are also ad- OVer CM-S_epharose, and the concentration was determined
dressed. The pH dependence of the pre-tRNA cleavage ratdy measuring the absorbance at 280 rpgo(= 6000 M™*
constant catalyzed by the RNase P holoenzyme indicates thaf™ - 30). Holoenzyme was reconstituted immediately prior
the protein subunit does not alter the observed for to use by |ncubat|on of refolded P RNA vy|th a slight excess
catalysis. This ionization has been proposed to reflect a role ¢oncentration of protein at 37 for 10 min.
for hydroxide as a general base or nucleophile in the catalytic A tRNA”* precursor containing a specific'-8eoxy
mechanism 17), possibly stabilized by coordination to a modification at the cleavage site was prepared according to
magnesium ionZ4, 25. Competition between magnesium the RNA ligation method of Moore and SharBl. RNA
and the inert Mg(HO)s2+ analogue cobalt(lll) hexammine ligations were performed using histidine-tagged T4 DNA
[Co(NH2)e*] (26) suggests that pre-tRNA cleavage depends ligase, purified from an overexpressing strain provided by
on at least one bound magnesium ion. Furthermore, thisProf. Scott Strobel; 5 nmol of mature tRN® (containing
magnesium ion can be functionally substituted by other &3-phosphate group) and 2.5 nmol of a 13-nucleotide DNA/
transition metals, including manganese(ll) and zinc(ll). gNgl'g){)k;”gtgl;gOQ:J:fr?;lgzlgﬁg?gﬁg&fgﬁg?ﬁ%ﬁot'de
In summary, these data demonstrate that a main function’ '“ S YV ) 4 :
of the protein component in bacterial RNase P is to interact gg’g_srpAlgt A(5 'dTGlA'ACT'ACC't? Gﬁ'ﬁCAl'.TGT'TlTT'. q
with the B leader sequence which enhances the affinity of ) complementary to both the oligonucleotide

) I P sequence and a 14-nucleotide sequence at then® of
Eﬁgsir%;f;'iﬁﬁf\dcii’ne;ﬁf magnesium fons bound to the ot NS, in 100 4L of TE buffer (10 mM Tris, 1

mM EDTA, pH 8.0) containing 50 mM NaCl by heating
MATERIALS AND METHODS the mixture to 95°C for 10 min fO.”OWGd by SlOle COOling
(~1 h) to room temperature. This reaction was then diluted
RNA and Protein PreparationB. subtilis P RNA and into 2.5 mL of 66 mM Tris-HCI, pH 7.5, 6.6 mM MgG|
variants of B. subtilis pre-tRNAP containing leader se- 10 mM dithiothreitol, 66:M ATP, 30% glycerol, and 3 nmol
guences of varying length2(@) were prepared by in vitro  of T4 DNA ligase, and incubatedifé h at 25°C. The ligated
transcription from linearized plasmids with T7 RNA poly- product was separated from the reactants by gel electro-
merase 27). Mature tRNASP and substrates with leader phoresis (10% polyacrylamide), and approximately 0.8 nmol
sequences of two nucleotides (GU-) and longer were (~30% vyield) of pre-tRNA was recovered.
transcribed in the presence of 1 mM each of ATP, CTP, UTP, Single-Turneer Experiments Experiments measuring
and GTP and 4 mM guanosine to produce RNA containing single-turnover reactions were carried out using excess
a 5-hydroxyl group R0). A substrate with one uracil onthe enzyme concentrations ([E)/[S] 5; [E] = 2 nM—20 uM;
5 side of the cleavage site (1-tRNA) was prepared by [S] = 0.2—10 nM) either manuallyt(, = 2 s) or with a
including 4 mM UpG (Sigma) in the transcription reaction model RQF-3 quench-flow apparatus from KinTek Instru-
in place of guanosine()). Substrate RNAs were labeled at ments {1, < 4 s) at 37°C as described@). Single-turnover
the B-end by incubation with f-*?P]JATP and T4 poly- reactions were quenched by dilution into 1 volume of 200
nucleotide kinase (New England Biolabs), and purified by mM EDTA (pH 8.0). For substrates with-feader sequences
denaturing (7 M urea) 8% polyacrylamide gel electrophoresis <5 nucleotides in length, the labeled-IBader sequence
(PAGE), as described2). Substrate RNAs were further product was separated from pre-tRNRon polyethylen-
purified by ethanol precipitation followed by gel filtration imine—cellulose thin-layer chromatography plates (EM-
over a G-25 Sephadex centrifuge column. Centrifuge col- Science) developechil M LiCl (20), while cleavage of
umns (0.5 mL bed volume) were prepared in Spin-X longer substrates was analyzed byil2% PAGE £8). A
centrifuge filters (0.22uM cellulose acetate membrane; rate constant measured using the quench-flow u{@
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holoenzyme, 10 mM MgG] 100 mM KCI, pH 6, 37°C; 2 luminescence spectrometer (excitati®l®97 nm; emission
kobs = 0.17 s) was identical to that measured manually =502 nm). The magnesium ion concentration of the sample
under the same conditions (data not shown). The endpointswas determined by comparison of the fluorescence to a
for these reactions were always 8@.9, indicating that the  standard curve using known concentrations of Mdear
majority of the substrate was correctly folded. from O to 20uM) (13).

For studies of the pH dependence of the catalytic rate Data Analysis Single-turnover data were analyzed using
constant k), the pH was varied using a series of buffer Kaleidagraph (Synergy Software). For substrates containing
mixtures of constant ionic strengtB3): CH;COOH/Mes/ leader sequences of two nucleotides and longer, single-
Tris buffer (pH 4.7-6.0), 25 mM acetic acid (Aldrich, turnover holoenzyme data were analyzed assuming a mech-
99.99+%), 25 mM Mes (SigmauUltra), 50 mM Tris (Aldrich,  anism of two consecutive irreversible first-order reactions
ultrapure); Mes/Tris buffer (pH 5:68.4), 50 mM Mes, 50  (eq 1), since substrate dissociation is slower than cleavage,
mM Tris; or Mes/Tris/Amp buffer (pH 6.69.7), 50 mM as indicated by the presence of lags in the timecourses at
Mes, 25 mM Tris, 25 mM 2-amino-2-methyl-1-propanol intermediate concentrations of holoenzyn3d)(

(SigmaUltra). The pH of the buffers was adjusted using HCI

(Aldrich, 99.999%) or KOH (SigmaUltra). The studies [Pl =

investigating the magnesium ion dependence of the reaction 1 —ky[E]t —kot
were mainly carried out in Mes/Tris buffer at pH 5.2 or 6.0. [pre-tRNAJ, 1+ k,[E] — kz(kze - ki[Ele ™) (1)
In these reactions, the concentrations of magnesium chloride

and potassium chloride (SigmaUltra) were inversely varied [P, =[Pl, x (1 — e " 2)
to maintain a constant ionic strength.

Mature tRNA BindingThe magnesium ion dependence Holoenzyme-catalyzed cleavage of 1-tRNA at pH 5.2-10
of mature tRNASP binding to RNase P RNA and holo- 50 mMm MgCh) and pH 6.0 (520 mM MgCkL) was well
enzyme was measured by incubatirigebd-labeled tRNA®P described by a single-exponential (eq 2) at all holoenzyme
(0.1-1 nM) with a >5-fold molar excess of RNase P RNA  concentrations. Therefore, the dependendeebn [E] was
or holoenzyme (0.00220 uM) in Mes/Tris buffer (opH 6.0)  analyzed assuming a rapid equilibrium mechanigm &
and varying concentrations of MgCét low (10-35 mM ko), using eq 3, wher&, is the dissociation constant for
MgClz, 100-25 mM KCI) or intermediate monovalent ion  1-tRNA, andk; 4ppiS the apparent second-order rate constant
concentrations (1690 mM MgCh, 400-160 mM KCI). (=ko/Kp for this mechanism).

Bound and free tRNAP were separated by gel filtration over

a G-75 Sephadex spin columij. The fraction of tRNAS? Kobs = Ko[EJ/(Kp + [E]) = Ky 0pdEN( + [EVKp) (3)
bound was determined as the fraction of total radioactivity

found in the eluate, as quantified by Cerenkov scintillation =~ Where indicated, the magnesium ion dependencies of
counting @8). Single.—turnover rate constants were analyzed by the Hill

Fluorescence Detection Assay for Magnesium [Bhe equation 85):
binding affinities of magnesium ions for RNase P RNA and _ 2o/ O 20 o
holoenzyme were measured using the fluorophore 8-hydroxy- Kobs = Kmad[M3™ T™/Ky o ™)/(1 + [Mg™ ]™/Ky,™) - (4)
quinoline-5-sulfonic acid (HQS), as describd®); 110uL . . L
samples of RNase P RNA or holoenzyme (3 o) were wherekqps is the rgte constant at a specific magnesium ion
prepared in Mes/Tris/Amp buffer, pH 8.0, containing 6-05 cpncentra_tlonkmax Is the rate constant at saturating magne-
12 mM MgCh, and 0 or 100 mM KCI, and incubated at 25 SiUM.Ku2is the magnesium ion concentration at which,
°C. Free magnesium ions (Mg) were separated from 1/2 > Kman anqu IS the_ Hil poefﬁment. The data were.
magnesium ions bound to RNase P by “forced-dialy<88) ( also analyzed using the linearized form of eq 4, shown in
using Microcon-30 centrifugal filter devices (Millipore). €9 5 Wherel = ko/kzmax ki.apdKaapp.max OF Ko min/Ko (13):
Microcon-30 membranes were washed twice with 0.5 mL
of metal-free water and once withxIbuffer (no magnesium)

to remove glycerin, which _mterfe_res with s_ubsequent flu_o- The pH dependence of the catalytic rate constedtfor
rescence measurements, just prior to loading RNase P into

. : . . T o f 14-tRNA ! - i 13-tRNA
the sample reservoir. The Microcon devices retain a signifi- cleavage o t or "Zleoxy-substituted 13-t

tal RN P hol [ [
cant, 1QuL “hold-up” volume (unrecoverable volume trapped cd _ayze(_j by ~ase b holoenzyme was ana yzed assuming
) ; —_a single ionization, using eq 6.
beneath the membrane); therefore, samples were immediately

centrifuged for~1.5 min at 10 000 rpm to elute50 uL of _ pK—pH)

solution. This eluate was added back to the sample reservoir, ko = Koo/ [1 + 1d ] ©)

and the sample was incubated in the Microcon device for  The dissociation constants of RNase P for tRRPAvere

an additional 15-20 min at 25°C to allow the magnesium  yetermined28) by fitting the gel filtration centrifuge column
ion concentration to equilibrate. The samples were then y5ia to a standard binding isotherm (eq 7) in which the
centrifuged for 35-40 s at 5000 rpm to elute ¥5uL. To fraction of product or substrate bound ([#[L] ww) Was

quantify the conpentration of magnesium in the retentate plotted against the enzyme concentration (&)
(IMg?"iota), @and in the eluate ([Mi]fes), 10 uL of each

log[f/(1 — f)] = ay, log [Mg*'] + b (5)

was diluted into 15QuL of 2 mM HQS, 5 M guanidine [E-LVIL] 1ot = 1/(1 + Kp/[Eliota) (7
hydrochloride, and 0.1 M TrisSQ,, pH 8.0 (L3). The
fluorescence of these samples was measured in aulL20 For measurements of the binding of magnesium ion to

fluorescence cell at 25C using an Aminco-Bowman Series RNase P RNA or holoenzyme, the proportion of magnesium
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bound to RNase P ([Md]bound Was calculated by subtracting
(IMg?iree) from ([Mg?]ieta). The data were analyzed by 150 °
plotting v ([Mg2*]pound[RNase P]) against [Md]iee and )
fitting to eq 8, assuming multiple, noninteracting sit&8)( =
o
=]
2+ M 2+ M =
v= (n[Mg ]free/Kllz g)/(l + [Mg ]free/KJ./Z g) (8) >
wheren is the number of identical magnesium ion binding
sites andKy,M9 is the apparent dissociation constant describ-
ing the affinity of these sites for magnesium. Data were also Ma2*], .. mM
fit to eq 9, the linearized form of eq 8, commonly known as " reer
the equation for a Scatchard pl&3( 35. Ficure 1: Binding of magnesium to RNase P in the presence and
absence of the protein component as measured by the separation
2+ _ Mg _ Mg of free and bound magnesium using Microcon 30 ultrafiltration
UIMG™ e = WKy ulKy ©) membranes, followed by quantification using the fluorophore

8-hydroxyquinoline-5-sulfonic acid1@). RNase P RNA @) or

RESULTS holoenzyme @) was incubated in Mes/Tris/Amp buffer (pH 8.0)
- . . . with varying concentrations of Mgghnd a constant concentration
Binding of Magnesium to RNase Previous studies- (100 mM) of KCI. The data were plotted agmol of Mg?* bound/

10) have demonstrated that the protein component of RNasemol of RNase P) versus [Md]iee A fit of the holoenzyme data
P decreases the concentration of magnesium ion requiredo a binding isotherm (eq 8) yields estimatesrof= 160 + 30
for optimal catalytic activity. This altered magnesium ion _(extrtapﬁlated atshigft'l [hNFsﬂneel) ?r}dKuﬁ“_"Qh:tﬁ.S (ﬂj: ?.3 mM. IT?ted
dependence is at least partially due to the enhanced affinity'yr}[sﬁ gilse":\sle?susﬁgr PNaso P h OYge'rchymg e g:gsgf.;( as
of the holoenzyme for pre-tRNA20, 21). However, the  5nq absencex() of 100 mM KCI.
protein component could also potentially enhance the affinity
of magnesium ions bound to the holoenzyme. To test this, more, these data indicate that the protein component does
we directly measured the binding of magnesium ions to the not affect the apparent binding affinity of bulk magnesium
RNase P holoenzyme. Previously, we measured binding ofions to P RNA (Figure 1). Our value 1,9 is nearly
magnesium ions to P RNA using gel filtration centrifuge identical to that previously observed for binding of magne-
columns to separate the free and bound magnesium ionssium to P RNA in the absence of added monovalent cations
and the fluorescent magnesium indicator, HQS, to quantify (Ky2M9 = 0.21 mM;13). The slightly higher value fon than
the magnesium concentration in each sam8).( At previously observed~150 compared te-100) is likely due
saturating magnesium concentrations;-@30 magnesium  to an underestimation af in the previous experiments due
ions cluster nonspecifically about the RNase P RNA to to the dissociation of weakly associated magnesium ions
counter the strong Coulombic field associated with the during the gel filtration step1). Last, when we directly
polyanion. In contrast with measurements on tRNA (re- compared magnesium ion binding to RNase P RNA and
viewed in36), Scatchard analysis of these dada)(fails to holoenzyme, we obtained identical valuescvdfor a given
detect any higher affinity or cooperative magnesium ions, [Mg?*]see (Figure 1). Taken together, these results indicate
suggesting that such sites comprise at most a small minoritythat the protein subunit does not significantly affect the
(<10%) of the magnesium ions associated with P RNA.  affinity or the number of magnesium ions that interact
To determine whether the addition of the protein compo- electrostatically with the P RNA polyanion.
nent increases the apparent affinity of P RNA for magnesium  tRNASP Binding to RNase PTo pursue the possibility
ions, or promotes the formation of specific magnesium that the protein component alters the structure and magne-
binding sites, we measured the binding of magnesium ionssium ion binding affinity of localized regions of P RNA,
to RNase P in the presence and absence of the proteinve measured the effect of the protein component on the
component. As previously observed for the binding of magnesium ion dependence of mature tRNA affinity. The
magnesium ions to RNase P RNA3J), a Scatchard plot of  affinity of P RNA for tRNAASP at high salt ¢1 M NH4CI)
the magnesium binding data is linear (Figure 1, inset), increases with magnesium ion concentration with a previ-
providing no evidence for multiple classes of independent ously determined Hill coefficient of 1.9- 0.1 and aKy,,\'9
magnesium ion binding sites or cooperative magnesium ion of 75 mM MgCk (13). These data indicate that at least two
sites @5). A plot of v versus [Mg*]ree is well described by ~ magnesium ions bind more tightly to the P RNRNA
eq 8, yielding estimates of the total number of sitess complex than to P RNA or tRNA alone.
150+ 20, andKy,M9 = 0.26 + 0.06 mM in the absence of To determine whether the protein component of the RNase
added KCI (monovalent cation concentratisrb0 mM due P holoenzyme stabilizes magnesium ion sites that enhance
to Tris cations and KOH added to adjust the [#2), andn tRNA binding, we compared the tRNA affinities of RNase
= 160+ 30 andKy,9 = 1.54 0.3 mM upon the addition P RNA and holoenzyme as a function of Mg€bncentration
of 0.1 M KCI (Figure 1; total monovalent cation concentra- using gel filtration centrifuge columns to separate free and
tion ~ 150 mM). Hill plots of the data indicate a lack of bound tRNA @8) (Figure 2). For measurements of the
cooperativity as Hill coefficientsofy) of ~1 are observed  magnesium-dependence of binding and catalysis (shown
(0.93+ 0.07 and 0.96+ 0.05 in the absence and presence below), the concentrations of magnesium chloride and
of 0.1 M KClI, respectively) (data not shown). These data potassium chloride were inversely varied to maintain a
contrast with the magnesium-dependence of RNase P folding,constant ionic strength. Under these conditions, the data are
where the apparent affinity is loweK{M9 = 2—3 mM) well described by a single binding isotherm (eq 7; Figure
and the cooperativity is increasedy(= ~3) (16). Further- 2A). Furthermore, the tRNA dissociation constaliip't"4,
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Ficure 2: Measurement of the affinity of RNase P RNA or
holoenzyme for mature tRNAP. 5'-End-labeled mature tRNAP
(0.1-1 nM) was incubated with a5-fold molar excess of RNase

P RNA or holoenzyme (22000 nM) in the presence of Mes/Tris
buffer (pH 6.0) and 1690 mM MgCk and KCI varied (406-160
mM) to maintain constant ionic strength. The fraction of tRIA
bound to RNase P was monitored as the fraction of total radioactiv-
ity eluted from a G-75 Sephadex centrifuge column, and dissociation
constants were determined by fitting a binding isotherm (eq 7) to
these data. (A) Measurements of mature tRNAInding to RNase

P holoenzyme yielded the following dissociation constants: 75 mM
MgCl; (<), 16 + 3 nM; 60 mM MgCl, (M), 27 + 8 nM; 40 mM
MgCl, (O), 39+ 13 nM; 30 MM MgC} (a), 66 £+ 18 nM; 20 mM
MgCl; (a), 250+ 50 nM; 15 mM MgC} (@), 500+ 80 nM; 10

mM MgCl; (O), 1300+ 200 nM. (B) Dissociation constants for
binding of mature tRNASP to RNase P RNA®) or holoenzyme

(a) as a function of [MgGJ]. Equation 11, derived from Scheme

2 (see Discussion), is fit to the data. The inset shows dissociation

constants for binding of mature tRN#® to RNase P RNAY) or
holoenzyme ) under low-salt conditions (£635 mM MgCh,
100-25 mM KCI) compared with binding to RNase P holoenzyme
under intermediate salt condition&)(

Scheme 1
KD pre-tRNA KDtRNA
ki ko ks
E +8 == E-§ — E4RNA-5'P == E4RNA === E +tRNA

K4 +5P ks +5P

2E = RNase P RNA or holoenzyme; S pre-tRNAP, 5P = 5'-
leader sequence.
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Table 1: Magnesium Dependence of Kinetic and Thermodynamic
Parameters for RNase P Holoenzyme

kinetic ionic

param- Ky M9 strength
eters substrate ay (mM) Kmax OF Kp,min (M) pH
ko 5-tRNA  — <4 0.13+0.02 0.13 6.0
ko 4-tRNA  — <4 0.16+0.03 0.13 6.0
ko 3-tRNA 4.1+0.9 4.6+02 0.21+0.02 013 6.0
ko 2-tRNA 3.6+0.8 10+1 0.25+0.03 0.13 6.0
ko 2-tRNA 441 6.6+ 05 0.48+0.084 043 6.0
ko 1-tRNA 3.4+06 10+1 0.19+ 0.0 043 6.0
ko 1tRNA 4+1 12+1 0.039+0.00P 043 5.2
Kp tRNA  2.7+04 53+13 154 4° 043 6.0
Ko 1-tRNA 3.8+ 0.5 ~30 160 043 5.2
kiapp 1-tRNA 4.9+0.9 ~30 0.22 043 5.2

aglbpM. cuM~t 571, 950 mM Mes, 50 mM Tris, 435 mM
MgCl,, 118-25 mM KCI, 37°C. ¢50 mM Mes, 50 mM Tris, 590
mM MgCl,, 415-160 mM KCI, 37°C.

Scheme 2

4Mgz*+E+L‘—4—"2 E-L +4 Mg?

K4 Ks

L + E«Mg™)4

E-(Mg®)a-L (—»)

aE = RNase P RNA or holoenzyme; L (ligane) pre-tRNA®SP or
mature tRNASP,

Both sets of data are well described by a model in which
3—4 magnesium ions bind completely cooperatively to the
RNase PRNA complex (Scheme 2 and Discussion) with
higher affinity than to either RNase P or tRNA. Other, more
complicated models (e.g., including4 cooperative mag-
nesium sites or 4 noninteracting sites) can also describe the
data; however, this is the simplest model consistent with the
data.

Additional Kp'R®NA measurements were performed at low
salt concentrations (ionic strength130 mM), our standard
conditions for measuring holoenzyme kinetic20( 27
(Figure 2B, inset). The protein component modestly de-
creases the dependence K§RNA on ionic strength; dis-
sociation constants increase by a factor of about 4-fold for
P RNA when the ionic strength decreases from 430 to 130

Scheme 1) decreases with magnesium ion concentration formM, while for holoenzyme the increase is only about 2-fold.

both RNase P RNA and holoenzyme (Figure 2B). The
affinity of the holoenzyme for tRNA is modestly enhanced
(3—10-fold) compared to P RNA at low to moderate
concentrations of MgGI(10—50 mM) while at saturating

Thus, the protein slightly enhances tRNA binding affinity
at low salt, but continues to have little effect k9 (Figure

2B, inset). The similarity between RNase P RNA and
holoenzyme in the cooperativity and affinity of the magne-

magnesium ion concentrations the data converge on a similarsium ion binding sites that enhance tRNA binding suggests

maximum affinity Kpmin®N4) of 10—15 nM (Figure 2B).

that the protein component does not significantly alter the P

The data do not provide strong evidence that RNase P bindsRNA structure in the region that interacts with tRNA.

tRNA in the absence of magnesium ions; therefore, the tRNA
affinity at low magnesium ion concentration, shown in Figure
2B, is a lower limit for this parameter (see Discussion).

A Hill plot of the dependence oKp®™N* on MgCh

concentration further demonstrates that the protein compo-

nent has little effect on the affinity or the cooperativity of
magnesium ions that enhance tRNA binding to RNaseP [
= 3.4+ 0.2and 2.7 0.4, andKy M9 = 78 + 12 and 53+

13 for RNase P RNA (Figure 6B) and holoenzyme (Table
1), respectively)]. This Hill coefficient of-3 is higher than
previously reported oy ~ 2; 13), perhaps due to the
substitution of the monovalent ammonium ion by potassium.

Effects of Magnesium lon Concentration on Single-
Turnover Kinetics To further investigate the role of the
protein component in lowering the magnesium ion concen-
tration required for efficient catalysis, we measured the
magnesium ion dependence of the cleavage rate conktant (
in Scheme 1) by single-turnover kinetics. Previously, we
demonstrated that RNase P holoenzyme cleaves preARNA
substrates with a leader sequenrc® nucleotides in length
by a kinetic mechanism of two consecutive, irreversible
reactions in 10 mM MgG| 100 mM NH,CI, pH 6 (20)
(Scheme 1k-; < kp). The hallmark of this mechanism is
the appearance of lags in the timecourses of pre-tRNA
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Ly 37). SinceK M9 of k, for cleavage of pre-tRNA catalyzed
by the holoenzyme is less than 4 mM, this suggests that one
role of the protein component is to increase the affinity of
057 RNase Ppre-tRNA for at least one catalytic magnesium ion.

. To directly compare RNase P RNA and holoenzyme-
catalyzed cleavage of the same substrate under identical

Fraction 5-tRNA Cleaved

¢ T T T T

o 4 8 12 16 conditions, we measured the magnesium ion dependence of
Time. sec k. for cleavage of 5-tRNA catalyzed by P RNA at low
B monovalent cation concentrations. Compared to the previous
e measurements at high monovalent concentratid3s {7,
g g'?éﬁf_gﬂé’:.!_, . 37), at~0.1 M KClI both the apparent magnesium ion affinity
L] . . .- _»
£ 011 (Ky M9 = 8.2+ 0.1 mM, Figure 3B) and the Hill coefficient
_ /(b— (ay = 6.5 £ 0.6) are considerably higher. Increasing the
0 VA— ionic strength to 430 mM with added KCI increases
0 [Mgg)lz],rnM 20 (from 0.09 £ 0.01 to 0.164+ 0.01 s?') but does not

o enormously affeckKy,9 (8.6 & 0.2 mM) oray (5.24 0.5)
Ficure 3: Measurement of the magnesium ion dependence of the

cleavage rate constar) for substrates with leader sequences that (data not shown)._ Therefore, the |ncre_ased Hill C(_)eff|C|ent
are>4 nucleotides. SEnd-labeled 4-, 5-, or 14-tRNA (0:2L0 nM) compared to previous measurements is not due simply to a
was incubated with high concentrations~B0 uM) of RNase P variation in the ionic strength, but likely reflects both the
holoenzymg in Mgs/Tris buffer (pH 6.0).and varying poncentrations altered monovalent composition {Kversus NH™ or Na")
_?thQC'Z dW'tth th? oo stret_ngth ma'”ta'”fd bé’ vanng th_g [EC']-d and the differences in the length of thel@ader sequence

e products of the reaction were analyzed as described under : ;
Materials and Methods. (A) The fraction of 5-tRNA cleaved over S nucleotlde_s Versus 33. nuc_:leotldes)_._These resul_t_s suggest
time (4-20 mM MgCh, 118-70 mM KCI) is well-described by that at least five magnesium ions stabilize the transition state
the equation for two consecutive irreversible reactions (eq 1), for cleavage of 5-tRNA relative to the P RN&tRNA
yielding the following estimates of: 0.13 + 0.01 s, 4 mM ground-state complex. These magnesium ions could enhance

MgCl, (O); and 0.144+ 0.01 s?!, 15 mM MgCh (®). The .C i i i ; ;
differences in the fraction cleaved reflect mainly differencek;in P RNA-5-IRNA cleavage either directly, by interacting with

(B) Dependence di, on [MgCl] for cleavage of 4-tRNA®) and the transition state, or indirectly, by stabilizing the structures
5-tRNA (#) by RNase P holoenzyme, compared to the magnesium Of one or both RNAs. Although we were not able to measure
dependence df; for cleavage of 5-tRNA by RNase P RNA atlow  a Hill coefficient for the magnesium dependence of cleavage

salt (a; 4—15 mM MgCh, 118-85 mM KCl). Dashed lines indicate  of 5-tRNA by holoenzyme, measurements with other sub-

the mean values & for holoenzyme-catalyzed cleavage of 4-tRNA TR
(long dashes, 0.16 0.03 51) and 5-tRNA (short dashes, 0.13 strates (see below) suggest that the cooperativity is lower

0.02 ). The Hill equation (eq 4) was fit to the RNase P RNA TOF the holoenzyme. _
data. Magnesium lon Dependence of Pre-tRNA Substrates with

Short LeadersPrevious studies have demonstrated that the
cleavage catalyzed by intermediate enzyme concentrationsprotein component of RNase P enhances pre-tRNA affinity
(ki[E] ~ kp). For substrates contaigna 4 nucleotide (4- by directly interacting with nucleotides in the-leader
tRNA; 5-GCAU-tRNA*P), 5 nucleotide (5-tRNA; 5 sequence of the substra@0( 29. 2-tRNA binds to theB.
GACAU-tRNA”P) (Figure 3A), or 14 nucleotide (14-tRNA;  subtilisholoenzyme 10-fold more tightly than mature tRNA,
5'-GGUACCCAAAACAU-tRNA”®) leader sequence, the and an additional three nucleotides (5-tRNA) increase
data are well described by this mechanism. Furthermore, thebinding affinity by an additional 40-fold in 10 mM Cag£l
rate constant at saturating RNase P concentratignig 100 mM NH.CI (20). To determine whether the direct
unaffected by varying the Mgglconcentration from 4 to  protein/pre-tRNA contact is coupled to the enhanced mag-
20 mM; the mean values of the observed rate constants arenesium affinity, we measured the magnesium ion dependence
0.164 0.03 s for 4-tRNA and 0.13+ 0.02 s * for 5-tRNA of k;, for the holoenzyme-catalyzed cleavage of substrates
(Figure 3B), and 0.1H- 0.02 s*! for 14-tRNA (data not  with short (one, two, or three nucleotide) leader sequences.
shown). When the MgGlconcentration is less than 4 mM, A mechanism of two consecutive, irreversible first-order
the measurement & is complicated by the magnesium ion- reactions describes the cleavage of 2-tRNA (Figure 4, inset)
dependent unfolding of RNase P RNAG] and the uncer-  and 3-tRNA (data not shown). The cleavage rate constants
tainty in the free magnesium ion concentration due to at saturating enzyme (0.250.03 s* for 2-tRNA, and 0.21
magnesium ion depletion by high nucleic acid (P RNA) =+ 0.01 s for 3-tRNA) are slightly faster than those observed
concentrations1(3). Increasing the ionic strength to 430 mM  for substrates with longer leaders. However, the concentration

increases; for cleavage of 5-tRNA to 0.34 0.03 s of magnesium ions required to achieve the optimal cleavage
however,k, remains magnesium-independent-60 mM rate constant is increase#{y,,'9 = 10+ 1 mM for 2-tRNA,
MgCly) so KM remains <4 mM (data not shown).  while Ky,M9 = 4.6 4+ 0.2 mM for 3-tRNA (Figure 4; Table
However, the apparent association rate constit for 1). Increasing the ionic strength enhances the cleavage rate
5-tRNA cleavage does decrease as the magnesium ionconstant and decreadés,M9 up to 2-fold, but does not affect
concentration is lowered from 10 mM (100 mM K@; = oy (Table 1). The observed increasekin,9 for cleavage

3.6+ 03uMts?) to4 mM (118 mM KCl;ky = 0.9+ of 2- and 3-tRNA compared to longer substrates parallel the
0.3uM~1s™1) (data not shown). Previously, the magnesium increases irKp for pre-tRNA @0), but the Hill coefficient,

ion dependence for cleavage of pre-tRNA by P RNA at high reflecting the minimal number of specific magnesium ion
salt has been shown to depend on one or maye< 1—3) binding sites, does not change(= 3.6+ 0.8 for 2-tRNA
weakly bound magnesium ionK{,M9 > 20 mM) (13, 17, and 4.1+ 0.9 for 3-tRNA). These data suggest that the direct
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Ficure 4: Magnesium ion dependencelgffor cleavage of 2-tRNA

at constant ionic strengtill( 4—20 mM MgCh, 118-70 mM KCI)

and 3-tRNA @; 3—20 mM MgCh, 121-70 mM KCI) catalyzed

by the RNase P holoenzyme. Equation 12 (see Discussion) was fit

to the data to obtain estimates I§f (Scheme 2), the dissociation

constant for the binding of magnesium te2HRNA [9 (+£2) x

1072 M4, or E-3-tRNA [4.5 @0.7) x 10719 M4]. The inset shows

representative timecourses for cleavage of 2-tRNA at 4 mM MgCl

(O; 0.009+ 0.002 s?1) and 15 mM MgC]} (a; 0.21+ 0.05 s9).

A minimum of six time points was determined for each curve.

110
[RNase P], uM

Ficure 5: Cleavage of 1-tRNA catalyzed by the RNase P

holoenzyme at constant ionic strength:Efd-labeled 1-tRNA

(0.2—-10 nM) was incubated with excess concentrations of RNase

P holoenzyme (2 nM20 uM P RNA, 22 nM-20 uM P protein)

in the presence of Mes/Tris buffer (pH 5.2 or 6.0) containirgb

mM MgCl; and 415-280 mM KCI. Timecourses for cleavage of

1-tRNA were well-described by a single-exponential (eq 2).

Equation 3, derived for a rapid equilibrium kinetic mechanism, was

fit to the dependence &f,son RNase P holoenzyme concentration

to obtain estimates d6, Kp!™®NA, andk, .p, Representative plots

(pH 5.2) at various magnesium ion concentrations are: 10 mM

MgCl,, 400 mM KCI ©) [k, = 0.015+ 0.001s?, Kpl tRNA =9

+ 2 uM, Ky app= 1.6 £ 0.2 mM s71]; 15 mM MgCl,, 385 mM

KCI (@) [k, = 0.028=+ 0.003 s, Kpt™RNA = 2.1 4+ 0.7 uM, K1,app

= 134+ 3 mM1 s7Y; 20 mM MgCl, 370 mM KCI @) [k, =

0.036+ 0.002 s, Kpt™®RNA = 1.1 £+ 0.2 uM, Ky app= 33 £ 4

mM~1 s71]; and 40 mM MgC}, 310 mM KCI @) [k, = 0.037+

0.?02 s1, Kpt™RNA = 0.18+ 0.04 uM, ki app= 210+ 30 mM?

s 1.

15
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Ficure 6: Magnesium dependence of 1-tRNA cleavage catalyzed
by RNase P holoenzyme at constant ionic strength. (A) Plot of
kinetic parameterk, (@), Kp'™®NA (), andky app(a) versus Mgdl
concentration at pH 5.2 (360 mM MgClL, 400-280 mM KCI).
Equation 12 was fit to the magnesium dependende ¢d obtain

an estimate o3, the dissociation constant for the binding of
magnesium to B-tRNA in Scheme 2 [2.040.3) x 1078 M4].

This value ofK3; was used in eq 11 to describe the magnesium-
dependent decrease kp! "RNA. Thek, qppdata were fit using the
Hill equation (eq 4) withay = 4. (B) Hill plots illustrating the
cooperativity of the magnesium dependence of the following kinetic
parametersk, at pH 6.0 O); andk; (@), Kp*~RNA (O), andky app

(a) at pH 5.2 (slopesgy, are listed in Table 1). The Hill plots
were derived as described under Materials and Methods using the
limiting values at saturating magnesium concentrations for each
kinetic parameterkg max Ko min! RNA, andky appma) t0 calculatef.

The values ofk; max Used for these plots are listed in Table 1.
Estimates of 160 nM and 0.22M~! s71 (50 mM MgCh) were
used to approximat&p mint RNA andky appmax respectively. Also
shown is the Hill plot for the magnesium dependence of mature
tRNA binding KpRNA) to RNase P RNA®) (slope= 3.44 0.2).

rate constantks .pp TO achieve a rapid equilibrium mecha-
nism, we used a substrate with a single-nucleotide leader
(1-tRNA; 5-U-tRNA*sP) which binds 150-fold weaker than
2-tRNA and therefore increases the dissociation rate constant
(k-1) (20). Additionally, we lowered the pH from 6 to 5.2,
which decreaseds from 0.2 to 0.04 st without significantly
altering the magnesium ion dependencekpn{Table 1) or

protein/pre-tRNA contacts between the leader sequence andhe value of Kp'""NA (data not shown). Under these

the protein central cleft22) enhance both the affinity of
pre-tRNA and the affinity of the magnesium ions bound to
the RNase Pre-tRNA complex.

The previous kinetic data and tRNA binding data suggest
that multiple magnesium ions (a minimum of-8 for
binding and 4 for cleavage) participate in the reaction
catalyzed by the RNase P holoenzyme. To test the total
number of magnesium ions required for binding and cleaving
pre-tRNA, we varied the substrate and reaction conditions
to alter the kinetic mechanism to rapid equilibration of
substrate bindingk(; > k;) followed by a slow cleavage
step Q). For a rapid equilibrium mechanism, the holo-
enzyme concentration dependencekgf (Figure 5) simul-
taneously measures the pre-tRNA dissociation constant,
the cleavage rate constaky, and the apparent second-order

conditions, no lags are observed even at 50 mM MgClI
indicative of a rapid equilibrium mechanism. Therefore, we
measured the magnesium ion dependence of cleavage of
1-tRNA at pH 5.2 (Figure 6).

The value ofk, at saturating magnesium concentrations
(Figure 6A; Table 1) for cleavage of 1-tRNA decreases
approximately 2-fold compared to cleavage of 2-tRNA under
similar conditions k; = 0.08+ 0.01 s*in 15 mM MgCh,
385 mM KClI, pH 5.2; data not shown). Th& M9 of 12 4+
1 mM, obtained from a Hill plot of the magnesium ion
dependence df, (Figure 6B), is nearly 2-fold higher than
that observed for 2-tRNA at the same ionic strength,dqut
is essentially identical (Table 1). This Hill coefficient is
consistent with our previous observations suggesting a
minimal requirement of 4 specific magnesium ions for



9552 Biochemistry, Vol. 41, No. 30, 2002 Kurz and Fierke

Scheme 3 10°
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S + EMg42z EMg 4?8 = E-Mgg®*S N
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2E = RNase P holoenzyme; S pre-tRNACSP, 10° E
cleavage of pre-tRNA by RNase P. Moreover, the observed 10 +Hg—T—T—T1

4 5 6 7 8 9 10

Ky2M9 continues the trend of decreasing magnesium ion y
p

affinity with decreasing Epre-tRNA stability.

The magnesium ion dependencekef RNA, with a Hill Ficure 7: pH dependence of the cleavage rate constég)t (

- Mg ; catalyzed by RNase P holoenzymé&End-labeled 14-tRNAS or
coefficient of 3.8+ 0.5 andKy2" ~ 30 mM (Figure 6B), 2'-deoxy-substituted (at the cleavage site) 13-tR#¥A£0.2—10 nM)
suggests that at least 4 magnesium ions stabilize the E a5 incubated with RNase P20 uM P RNA, 210 uM P

tRNA complex, as depicted in Scheme 2. Hence, the 1-tRNA protein) in 10 mM MgC} and 100 mM KCI (37°C). The pH was
data indicate that multiple magnesium ions are required for varied using a series of buffer mixtures of constant ionic strength
both pre-tRNA binding and catalysis (at least 4 for binding §r312)' as ldetsc”bed ””dert_Mate“a's and 'lv'etthds- ghe p.rbOd d“‘:ts d°f
: T : € single-turnover reacuons were analyzed as described under
and at least 4 for catgly3|§). .TWO limiting models t.hat gxpla!n Materials and Methods; at least six points were determined for each
these data are possible: (i) the same magnesium ion sitegimecourse. Values ok, for 14-tRNAAP (a) and 2-deoxy-
mediate both binding and catalysis, but their affinities are substituted 13-tRNAP (O) were plotted as a function of pH.
increased with binding of the substrate (Scheme 2); and (ii) Equation 6 describing a sirlgle ionization was used to fit both the
distinct magnesium ion binding sites exist for binding and éﬁtRNA (kZ_,mixl:izg ﬂsif' S p—ngsizoileIZ) and the 2deoxy
catalysis (Scheme 3). We can differentiate these two models ata fomax = » Pla= 3. 4)-
by examining the magnesium ion dependence of the apparentStabilizeol by coordination to a magnesium o4y A
second-order rate constar §,) for cleavage of 1-tRNA . ;
; P . number of structure-probing experiments suggest that the
catalyzed by RNase P. For a rapid equilibrium mechanism, T . : .
Ko : protein is localized near the active site of RNase P (S.
1,app IS NOt @ true second-order rate constant, but instead . ", : ; .
) - —_Niranjanakumari, J. J. Day, and C. A. Fierke, unpublished
equalsky/Kp; thus, the magnesium ion dependence of this . . -
e - . results;20, 38, 39).Therefore, the protein is positioned such
kinetic parameter reflects both the binding and catalytic steps . ; . . .
X S . that it could alter the I, of crucial active site residues.
in the kinetic mechanism. For cleavage of 1-tRNA catalyzed i . .
by the holoenzyme in 20 mM Mgglthe nearly 10-fold To further define the function of the protein component
decrease ifky app (from 0.32+ 0.03 to 0.033+ 0.004xM in RNase P, we have investigated the pH dependenég of
s as the pH is lowered from 6 to 5.2 confirms that this for cleavage of 14-tRNA catalyzed by the RNase P holo-
rate constant reflects cleavage in addition to binding. enzyme under single-turnover conditions using buffer mix-
Like Kpi®RNA K, .oois also cooperatively dependent on  tures (see Materials and Methods) that vary the pH (4.7 to
the magnesium ion concentration, with a Hill coefficient of 9-7), while maintaining a constant ionic streng82) The
4.9 + 0.9 andKyM ~ 30 mM (Figure 6B). This Hill cleavage rate constari) was determined by fitting a single-
coefficient is smaller than the predicted; ~ 8 for the ~ €xponential decay (eq 2) to the fraction of pre-tRNA cleaved
magnesium ion dependencelat,,if four distinct magne- ~ Over time (data not shown). The dependenck.ain pH is
sium sites stabilize binding and catalytic steps (for a total of Well-described by a single ionization with &pof 8.2 +
eight, Scheme 3). Taken together with the magnesium ion 0-2 and a pH-independent rate constéqtj of 20+ 4 s~
dependence df, for cleavage of substrates with 1-, 2-, and at high pH (Figure 7), suggesting that the protein component
3-nucleotide 5leaders, these results suggest a lower limit has no large effect on this apparent ionization.
of four total magnesium ions required to stabilize both Free hexaaquo Mg ionizes with a K, of 11.4, and the
binding and cleavage of pre-tRNA catalyzed by the RNase pK,s of the ionizable groups of nucleotides &é&0 (40);
P holoenzyme (as in Scheme 2). Additionally, the protein hence, a catalytic K, of 8—8.5 could suggest that both
component enhances the apparent affinky{"9) of these RNase P RNA and holoenzyme greatly stabilize the ionized
magnesium ions, but does not increase the number ofspecies. To test whether our measurements truly reflect the
magnesium ion binding sites, as reflected by the Hill thermodynamic ionization, we measured the pH dependence
coefficient. This enhanced magnesium affinity correlates with of the holoenzyme-catalyzed cleavage rate constant for a
the interaction of the protein component with tHdeéader substrate that is cleaved more slowly, a 13-tRNA containing
sequence, sinc&y,Y9 decreases incrementally as the 5 a Z-deoxy substitution at the cleavage site (Figure 7). As
leader length increases from one to four nucleotides. expected 16), the cleavage rate constant of thisd2oxy
pH Dependence of Pre-tRNA Cleye.Previously, Smith substrate is 2625-fold slower than cleavage of the native
and PaceX7) used single-turnover kinetics to measure the substrate at neutral pH. However, the pH dependence of the
pH dependence & for E. coli P RNA-catalyzed cleavage cleavage rate constant for'-@eoxy 13-tRNA is well-
of B. subtilispre-tRNA*Pin 50 mM CaC}, 1 M NaCl. These  described by &max = 11 &+ 4 s71, which is <2-fold lower
data can be described by a single ionizatidf, 8.5, with than the pH-independent rate constant for the native substrate,
maximal activity at high pH. The origin of this ionization is and a [K, of 9.3 &+ 0.4 (the errors in these parameters are
unclear; however, thisky, has been proposed to reflect the increased as the highest pH measured was 9.7). These data
ionization of a water molecule that may function as the indicate either that the'hydroxyl group adjacent to the
nucleophile in the cleavage reactior2, (17), possibly cleavage site is important for lowering thié of the ionizing
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group or that the measure&pis “kinetically perturbed”
(24), reflecting a change in the rate-limiting step rather than
an alteration in the thermodynami&p

Competition by Cobalt(lll) Hexammin&o further eluci-
date the function of catalytically important magnesium ions
in RNase P, we investigated the effect of cobalt(lll) < 0.05
hexammine [Co(Nk)¢*'] on catalysis. Cobalt hexammine
has previously been used as a probe of outer-sphere
Mg(H20)s*" binding sites because the two complexes share
similar size and hydrogen-bonding properties, but the amine
ligands of cobalt hexammine do not dissociate or ion28}. (
Not surprisingly, given the sheer number of magnesium ions
that bind to RNase P, and their potentially varied roles and
binding modes, the activity of RNase P holoenzyme is
decreased more than &fld in the presence of 10 mM
Co(NHg)e®™ alone (100 mM KCI, pH 7.8; data not shown).

0 02 04 06
1MgCl,), mM*

E. coli RNase P RNA is also inactive in the presence of oo S
Co(NHg)¢®™ alone @1). Given the similarities between 0.00 T T T T
Co(NHs)¢*™ and Mg(HO)s?+ (26), this result is most simply 0 %&QC‘ZL m‘:\f‘) &0

explained by a model in which cobalt hexammine function-

ally Sub_stltl.!tes fgr mcl)Std.nolr]SpeCISC and outt)erjsph(?{re cleavage by cobalt(lll) hexammine [Co(N)s']. Single-turnover
magnesium ions, but only displaces (does not substitute Or)reactions were performed in Mes/Tris buffer (pH 6.0) containing

magnesium ions in roles that require the ionization or the 2-100 mM MgCh, 100 mM KCI, saturating (0.165 «M)

Ficure 8: Competitive inhibition of holoenzyme-catalyzed 5-tRNA

displacement of at least one,® from the magnesium
hydration shell. However, recent structural studies of the P4
P6 domain of the self-splicingetrahymena thermophila

intron (42) indicate that hexahydrated magnesium and cobalt

holoenzyme, and 0.151.0 mM Co(NH)e®". The kops values at 5
(O) and 10 mM MgC]} (a) as a function of [Co(NK)s3'] are well-
described by the equatidg,s = ko/(1 + [CO(NH3)e*]/K app), Where

ko is the cleavage rate constant in the absence of cobalt(lll)
hexammine and; app is an apparent inhibition constant, yielding

hexammine binding sites are not coincident. Therefore, this K, ,,, = 0.31 + 0.02 and 0.64+ 0.09 for 5 and 10 mM MgG|
inhibition could also be due to loss of an essential outer- respectively. The inset shows a double-reciprocal plot of the
sphere magnesium binding site or a novel cobalt hexammineMagnesium ion dependence ks at the following cobalt(ll)

binding site.
In the presence of saturating concentrations of MgCl
(Figure 8A), the addition of cobalt hexammine inhibits the

hexammine concentrations: 0.15 mi)( 0.25 mM @), 0.5 mM
(d), and 1.0 mM W). (B) Magnesium dependence ks is well-
described by a hyperbokkops = KnadMg2H/(K1 M9 + [Mg2t))}
for 0.15 mM ©, Knax= 0.18+4 0.01 s, K3,V = 4.7+ 0.9 mM)

single-turnover cleavage of 5-tRNA catalyzed by RNase P and 1.0 mM M, knax = 0.18 & 0.03 s, KyM9 = 19 & 6 mM)

holoenzyme in a hyperbolic mannef; g,, = 0.31 4+ 0.02
mM at 5 mM MgC} and 0.64+ 0.09 mM at 10 mM MgG)).
Interestingly, the magnesium ion dependencekgffor
cleavage of 5-tRNA is hyperbolia{, = 1) in the presence

cobalt(lll) hexammine. Inset: In the presence of 2 mM cobalt(lIl)
hexamminekypsis hyperbolically dependent on manganesegH
8, K2 = 0.6+ 0.1 mM) and zinc ©, pH 7, 0.4+ 0.1 mM).

of sites, that is competitive with cobalt hexammine. These

of cobalt hexammine (Figure 8B). This is in contrast to the data do not readily distinguish a specific magnesium binding
highly cooperative magnesium ion dependence of pre-tRNA site (K179 < 4 mM, as measured by single-turnover kinetics)

cleavage catalyzed by RNase P in the absence of Cg{NH

(Table 1). At higher concentrations of cobalt hexammine,

from nonspecific magnesium interaction& 49 = 1.5 mM,
as measured by equilibrium dialysis). TlKeof 0.11+ 0.01

the magnesium ion concentration required for saturation mM suggests that cobalt hexammine associates wiB-

increases buk, max IS constant, indicating that cobalt hex-

fold higher affinity to this (these) site(s) than magnesium

ammine acts as an inhibitor that is competitive with one class ion (assumind; =~ Kp), consistent with values measured in
of magnesium sites (Figure 8A, inset, and Figure 8B). These other systems4@3—45).

data suggest that Co(N)}4*" functionally replaces all but

Substitution of Other Metals for Magnesium Iétrevious

one class of the magnesium ions that stabilize pre-tRNA studies demonstrated that the divalent magnesium and

cleavage and/or the active structure of P RNA.

The equation for competitive inhibition (eq 10) may be
used to simultaneously fit the dependenceobn [Mg?*]
and [Co(NH)6*'] using the program Systat 5.2 (Systat, Inc.):

k2,obs= k2,ma>[Mg2+]/{ [M92+] +
Kapng(l + [CO(NH3)63+]/KI} (10)

where Kqpd"9 is the apparent dissociation constant for
magnesium in the absence of cobalt hexammine lanid
the inhibition constant for cobalt hexammine. ThgM9 of

manganese ions can be used as cofactors by RNase P RNA
and holoenzyme to catalyze efficient cleavage of native pre-
tRNA substrates46—48). Furthermore, calcium ions pro-
mote binding of substrate and product, kts reduced by
several orders of magnitud2l, 49. To further investigate
the role of metals in pre-tRNA cleavage catalyzed by the
holoenzyme, we measured the single-turnover activity in the
presence of 100 mM KCI and various divalent cations. The
B. subtilisholoenzyme (M, pH 8) has very low cleavage
activity in the presence of a 10 mM concentration of several
metals [e.g., CdG) ko ~ 2 x 10°s%; CoCh, ko < 1 x
10%s% ZnCl, ky ~ 4 x 10°5s7%; CaCh, k, = (9 + 2) x

1.9+ 0.1 mM derived from this analysis presumably reflects 104 s™%; data not shown]. However, in the presence of 2
the apparent affinity of the magnesium binding site, or class mM Co(NHs)s*", small concentrations of transition metals
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1 that the protein component decreases the magnesium require-

ment for pre-tRNA cleavage catalyzed by RNase P by
increasing the affinities of specific magnesium binding sites
in the RNase Ppre-tRNA complex.

Effects of the Protein Component on Diffuse?MBinding
Magnesium ion interactions with RNA are classified into
two distinct modes, diffusely bound and site-bourdd)(

o either.of which, in the case of RNase P RNA, coulq

o 120 010 360 conceivably be affected by the presenc_e_qf the protein

Time, sec component. The numbers and apparent affinities of diffusely
FIGURE 9: Holoenzyme-catalyzed cleavage of 14-tRNA in the Pound cations are sensitive to the global charge density of
presence of 2 mM Co(N#kCls and various alternative metals.  the RNA (14). The protein subunit of RNase P could affect
Single-turnover rate constants were measured in Mes/Tris/Amp diffusely bound cations by: (i) countering the negatively

buffer, 2 mM Co(NH):Cls, and 100 mM KCI, with the following  charged phosphoribose backbone with several exposed basic
additions: 50uM PbClL, (@), 0.0020+ 0.0001 st at pH 7.7; 50

0.8

0.6

0.4

0.2

Fraction Pre-tRNA Cleaved

4M CdCl, (O), 0.014+ 0.001 s at pH 7.9; 0.5 mM CoGl (m) residues 23) and therebydecreasingthe overall charge
0.057+ 0.005’ slatpH 7.7;0.2mM ZnSQ&D), 0.18+ 0.03 gi density of P RNA,; or (II) inducing a conformational change
at pH 7.7. that leads to a globally more compact RNA structuté) (

whichincreaseghe charge density on P RNA. Additionally,

(0.05-1 mM PE*, Cc**, Co**, Mn?*, and Zi#") stimulate the protein could stabilize a specific P RNA tertiary structure
pre-tRNA cleavage by #8-10°-fold (Figure 9A and Figure  that could induce the formation of specific magnesium
8B, inset). For all of these metals, the rate constant is pH- binding sites that could potentially be detected in nonlinear
dependent under these conditions (data not shown), suggestScatchard plots, as observed for multiple classes of magne-
ing that the cleavage step is rate-limiting. sium binding sites in tRNAK0—53).

These data suggest that a variety of transition metals, in  The observed stoichiometry of magnesium ion binding to
addition to magnesium, can compete with cobalt hexammine RNase P holoenzyme is 0.370.05 M¢t/nucleotide (Figure
to stimulate the catalytic activity of the RNase P holoenzyme. 1), similar to that previously observed for binding of
To examine this further, we measured the single-turnover magnesium to tRNA and the hammerhead ribozyme—0.3
activity of RNase P in the presence of 2 mM cobalt 0.7 M?**/nucleotide; summarized iB6). Furthermore, this
hexammine and zinc or manganese (Figure 8B, inset). Undemumber is similar to the 0.44 #M/nucleotide for B DNA
these conditions, the observed single-turnover rate constantalculated from “counterion condensation” theory, which
shows a hyperbolic dependence on zinc(ll) concentration describes the purely electrostatic association of ions with
whereKqp#" (0.3 + 0.1 mM) is not dependent on pH but polyelectrolytes based on the polyelectrolyte axial charge
ko maxincreases with pH (fronky max= 0.0154- 0.003 st at density (see reviews of counterion condensation theory in
pH 5.6 to 0.25+ 0.02 st at pH 7.0; data not shown). Thus, 54—57). Additional evidence that the majority of these
zinc(Il) activates cleavage at lower concentrations than magnesium ions associate nonspecifically with RNase P is
magnesium(ll) Kapg’d > 20 mM; data not shown) under provided by the increase in the apparent binding constant
these conditions, and the cleavage rate constant is onlyfor magnesium with increasing potassium concentration
decreased about 5-fold compared to saturating magnesiun(Figure 1, inset) §7). Taken together with our previous
(komad'® = 1.2 st Figure 7). Manganese(ll) similarly results (3), these data demonstrate that the vast majority
activates RNase P at a lower concentrati§g,{" = 0.6 & (>90%) of magnesium ions associate nonspecifically by
0.1 mM). These data demonstrate that zinc and manganeseglectrostatic forces with both RNase P RNA and holoenzyme.
but not cobalt(lll) hexammine, can readily substitute for at Furthermore, these data indicate that the protein component
least one magnesium ion essential for catalysis of pre-tRNA does not affect the number and affinity of diffusely bound

cleavage. cations, providing no evidence for an alteration in the global
RNA structure or the formation of a small number of high-
DISCUSSION affinity sites in RNase P RNA. These results are consistent

with a variety of biophysical measurementss( 16, 58-

Nearly all RNase Ps, from all three domains of life 61) suggesting that RNase P RNA folds into a compact,
(Archaea, Bacteria, and Eucarya) contain R&i#d protein native (or nearly native) structure under physiological salt
subunits essential to pre-tRNA processing in viie-8). conditions.
Most bacterial RNase P RNAs are catalytic in the absence Effects of the Protein Component on Specific?M§ites
of their cognate proteins in vitro, but these reactions require That Enhance tRNA Bindindhe protein subunit of RNase
nonphysiologically high concentrations of monovalent and P also does not significantly alter the apparent number or
divalent cations to achieve catalytic efficiency comparable cooperativity of specific magnesium binding sites that
to the holoenzymes9( 46. Some archaeal RNase P RNA stabilize tRNA binding since a Hill coefficient of-34 is
subunits are likewise sufficient for pre-tRNA processing, but observed for both RNase P RNA and holoenzyme (Figure
require extreme conditions of up & M ionic strength and  2B). However, the protein modestly increases the affinity
display only marginal activity compared to their holoenzymes of RNase P for these magnesium ions, siKgg"? decreases
(49). These very substantial differences in salt optima suggestfrom ~80 to~50 mM for the holoenzyme. The magnesium
that the binding of the protein and magnesium ions, both ion dependence of tRNA affinity can be described using a
essential cofactors in the reaction catalyzed by RNase P, aresimple model where 4 magnesium ions bind completely
highly synergistic. The experiments described herein indicate cooperatively to stabilize the RNasetRNA complex
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(Scheme 2). From this scheme, an equation quantitatively Additionally, a 4-5 nucleotide leader is required for optimal
describing the dependence &% s ON magnesium ion  pre-tRNA/P protein cross-linking in an RNase P holoenzyme
concentration (eq 11) was derived: pre-tRNA complex22). These correlations suggest a linkage
between the P proteiri/eader interaction and the increased
magnesium ion affinity.

The magnesium ion dependence of the cleavage rate
constant K;) can be modeled as reflecting the relative

Ko ops= Ka(IMg*1* + KD/I(IMg*T* + Ky (11)

whereK; is the equilibrium constant for binding of magne-
sium ions to free Bz is the equilibrium constant for binding ~ concentrations of two ground-state complexegré&-tRNA

of magnesium ions to 4, and K, is the minimumKjp for (inactive) and EMga-pre-tRNA (active) (see Scheme 2). This
tRNA or pre-tRNA at saturating magnesium concentrations. model can also be used to explain the effect of the protein
More complicated models, in which the four proposed componenton the apparent magnesium affinity. The strongest
magnesium ions bind to independent, nonidentical sites, evidence for a common set of magnesium binding sites
could also explain the data, but this is the simplest model stabilizing both pre-tRNA binding and cleavage is the

consistent with all of our current data.
Using Scheme 2, the value Kf, the affinity of RNase P

similarity between the Hill coefficients fd€p RNA, k,, and
ko/Kpt~RNA (Figure 6). The dependencelefon magnesium

for tRNA at saturating magnesium concentration, can be ion concentration can be derived for Scheme 2 as

estimated fronKpRNA at high magnesium (Figure 2B, =
10—15 nM). The protein subunit does not alter this equi-
librium constant significantly. The value &%, the affinity

ko = ko maM* 17(Ky + [Mg*'T*) (12)

of RNase P for tRNA in the absence of bound magnesium In this model,K,,M9 for the observed single-turnover rate

ions, can theoretically be determined from the limiting
affinity at low magnesium ion concentrations. However,
binding measurements at low [N¥Ig are difficult due to

constant (the magnesium concentration at wikich ko ma
2) is equal to K3)¥. According to this simple model,
therefore, the protein subunit decreases the magnesium

aggregation and unfolding of RNase P under these conditionsrequirement of RNase P by stabilizing theMg,-pre-tRNA

(15, 16, 62. Nonetheless, a lower limit foK, can be
estimated from the tRNA affinity at 10 mM MggIKpRNA
> 2 uM (holoenzyme) an&pRN > 10uM (P RNA). These

ground state (and transition state) relative to thgr&tRNA
complex. This conclusion assumes that the ground-state
complexes Epre-tRNA and EMgs-pre-tRNA equilibrate

values indicate that the bound magnesium ions enhance theapidly compared to pre-tRNA cleavagéy)( which is

affinity of RNase P for tRNA by more than 100-fold.
Additionally, K119, describing the magnesium ion dependent
decrease ipRN* (Figure 2B), equalsi; — 2K3)Y* (eq 12)
which approximately equal()¥* (sinceK; > Ks). There-
fore, K29 mainly reflectsKy, the affinity of RNase P for

supported by the fact tha; M9 for 1-tRNA does not
decrease when the pH is lowered from 6.0 to 5.2. Therefore,
all of our data are consistent with the model that the
interaction between the protein component and the pre-tRNA
5'-leader sequence stabilizes the binding of magnesium ions

magnesium ions, and the protein subunit modestly enhancego the Epre-tRNA complex.

the affinity of RNase P for these magnesium ions. However,

Possible Locations of Specific ¥gBinding SitesGiven

these moderate effects of the protein component on thethat the protein component mainly enhances the apparent

magnesium ion dependence of tRNA affinity are not suf-
ficient to explain the functional effects of the protein in

magnesium affinity of the fpre-tRNA complex, we are
tempted to conclude that these ions interact with the cleavage

decreasing the overall magnesium ion requirement of RNasesite and/or the Sleader sequence. However, since the Hill

P.
Effects of the Protein Component on Specifi¢Mgound

coefficient is the same, within error, for mature tRNA binding
and for cleavage of 1-, 2-, and 3-tRNA, the data argue against

to E-Pre-tRNA A comparison of the cleavage rate constant additional magnesium ions interacting with the leader
catalyzed by RNase P RNA and holoenzyme at saturatingsequence. More likely, the interaction between the pre-tRNA
concentrations of magnesium ions (Figure 3B), 2] leader and the RNase P protein enhances magnesium ion
demonstrates that the protein component does not enormouslyinding to the cleavage site, the mature tRNA domain, and/

(<10-fold) enhance catalysis for pre-tRRA substrates
containing 5leaders of 233 nucleotides in length. Fur-
thermore, the pH dependencelkafsuggests that the protein
component has no clear effect on the catalytg (Figure

or P RNA.

Several studies provide evidence locating potential mag-
nesium binding sites in the RNasepRe-tRNA complex.
Substitution of a sulfur atom for either thgo-Re or the

7). However, the protein does influence the magnesium ion pro-S> nonbridging oxygen @3—66) or the 3-oxyanion
dependence of the single-turnover cleavage rate constant. Ideaving group 67) of the scissile phosphate in pre-tRNA

fact, the protein component decreas@gM? compared to

decreases catalysis by1000-fold, perhaps reflecting the

both RNase P RNA-catalyzed cleavage of 33-tRNA at high disruption of a catalytic metal ion interaction. Furthermore,

salt (36 mM to<4 mM) (13) and cleavage of 5-tRNA at
low salt (8 mM to<4 mM) (Figure 3B). Importantlyky,,9

the inclusion of cadmium or manganese partially restores
cleavage of theRe-phosphorothioate-modified substrate

for the holoenzyme-catalyzed reaction is dependent on thecatalyzed by RNase P RNA8—65) or holoenzyme §6),

length of the pre-tRNA 5leader, and the minimad;,,M9 is
observed for a leader that ¥4 nucleotides in length. This
dependence oKy29 on leader length correlates with the
previously observed leader length dependendepdfRNA
(20), where a 5 nucleotide leader is required for obtaining
the maximal interaction with the RNase P holoenzyme.

suggesting that thpro-Re oxygen may directly coordinate

a metal ion in the transition statd&e-Phosphorothioate
substitutions elsewhere in the mature tRNA domdig—

70) have comparatively minor effects on binding or catalysis,
suggesting that essential metals do not interact with these
regions. Conversely, phosphorothioate modifications in
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RNase P RNA that interfere with pre-tRNA cleavage occur
in the core P4 helix{1, 79. R and S-phosphorothioate
modifications at positions A67, G68, or A352 . coli
RNase P RNA 73) and homologous positions (A49 and
G50) inB. subtilisP RNA (74) substantially decrease RNase
P RNA and holoenzyme-catalyzed pre-tRNA cleavage.
However, a direct role for metal ions in stabilizing the

Kurz and Fierke

catalytic activity of RNase P is decreased enormously when
magnesium ion is replaced by €aSr", or B&" (21, 46-
48, 78, which are larger ions and have highé€,p for the
ionization of water ligands3p).

Cobalt(lll) hexammine completely inhibits RNase P by
competing with a single specific magnesium or class of
magnesium binding sites (Figures 8 and 9). Heof 0.1

catalytic transition state has not yet been demonstratedmM for cobalt hexammine inhibition of pre-tRNA cleavage
unequivocally for any of these sites. Nevertheless, these datacatalyzed by RNase P is similar to the measured affinity of
suggest that the strongest candidates for magnesium binding variety of nucleic acids for Co(Nd". For example, this

sites important for catalysisand, therefore, likely to be
sensitive to the protein componerdre those metals that

K, is similar to the dissociation constants (628 mM)
measured for binding of cobalt hexammine to outer-sphere

interact with pre-tRNA at the cleavage site phosphate and metal sites in the major grooves of RNA and A-form DNA

with P RNA at positions in the P4 helix.

Our results indicate that the enhancement in affinity of
magnesium ion binding sites in P RNA and/or pre-tRNA is
coupled to the P proteinfieader interaction in the RNase
P holoenzymepre-tRNA complex. The affinity of RNA/
Mg?* sites could be indirectly enhanced by this interaction
by the positioning of RNA ligands to more readily bind
magnesium ion. Affinity-cleavage experiments using P
protein site-specifically-labeled with hydroxyl-radical-

(79-81). FurthermoreK; andKpM9 (~2 mM) for RNase P
are very similar to the values determined for cobalt hex-
ammine inhibition of HDV ribozyme catalysi&(= 0.045
mM, KpM9 = 2.4 mM) @5), where it is proposed to compete
with, but not substitute for, the general-base activity of
Mg(H20)s(OH)*. Metal binding to RNA hairpins suggests
that Co(NH)e*" can also compete with inner-sphere mag-
nesium ion binding sites, but in this case the CogNH
and magnesium ion binding affinities are simil&0( 82—

generating reagents (S. Niranjanakumari, J. J. Day, and C.84). These comparisons suggest that Cogy# inhibits

A. Fierke, unpublished result88) demonstrate that amino

RNase P by displacing an essential outer-sphere magnesium

acids in the conserved RNR-motif of the protein component ion, although recent structural studies of cobalt hexammine
mainly interact with helices P3 and P4 in the catalytic domain binding to RNA @2) suggest that the binding sites of the
(75) of RNase P RNA. Thus, the protein component provides two metal ions (hexahydrated magnesium and cobalt hex-

a secure anchor-point to immobilize thel®ader sequence
relative to the P RNA catalytic domain. By anchoring the
5'-leader, the P proteinfeader interaction could enhance

ammine) may not be identical.
Although cobalt(lll) hexammine inhibits catalysis of pre-
tRNA cleavage by RNase P in the presence of magnesium,

magnesium ion binding sites that are located between pre-it enhances the catalytic activity of the holoenzyme in the

tRNA and P RNA, or solely within P RNA.
The formation of many proteitfRNA complexes is highly

presence of a variety of mainly softer divalent cations such
as cadmium, cobalt, and zinc. A previous measurenZeit (

dependent on the magnesium concentration. For exampledemonstrated activation d&. coli P RNA-catalyzed pre-

magnesium ions are essential for the bindinglefirospora
crassamitochondrial tyrosyl-tRNA synthetase to the isolated
P4—P6 domain of mitochondrial group | intron48) and

for the recognition of 16S rRNA by ribosomal protein S4
from Bacillus stearothermophilud 9). In both of these cases,
the binding of magnesium is proposed to stabilize the
structure of the RNA that is recognized by the protein. In

tRNA cleavage by Z#t in the presence of 3f, Ba?", or
Co(NHs)e®", but at a sharply reduced rate (60-fold less)
compared to pre-tRNA cleavage in the presence of'Mg
However, the high activity of the Zn-activated holoenzyme
[within 5-fold of magnesium(ll)-activated catalysis] is un-
precedented. Moreover, this is the first time that significant
activation of RNase P activity by €0 has been demon-

turn, the protein further organizes the RNA for subsequent strated. This enhancement likely reflects the ability of

function, either self-splicing or subunit assembly. In contrast,

P protein binding does not significantly enhance the mag-

nesium dependence of P RNA foldind€j. Rather, the

Co(NHs)6*" both to stabilize nativelike P RNA structured)
and to compete with inhibitory Cd, Co**, or Zr¢* ions.
The transition metals, M and Zr#*, are better Lewis acids

protein component enhances the magnesium affinity of the than magnesium, and therefore compete with CafjsfH

RNase Ppre-tRNA complex by positioning pre-tRNA and
presumably inducing a specific RNA structure required for
magnesium binding.

Possible Roles of Specific ¥fgElucidated by Metal-
Substitution Experiment.ertiary structural probing oE.
coli P RNA by lead(ll)-induced cleavage (0.5 mM%p100
MM NH,CI, pH 7.5) indicates that510 mM Mg, Mn?",
C&*, S, or B&t can induce nativelike P RNA structure,
while Co?*, Ni2*, Zn?*, C/?*, or C" induce only partial
or no nativelike structure7@). Proper folding of P RNA,
therefore, is apparently favored by the addition of “hard”
metal ions 77) that can preferentially interact with phosphate

to activate RNase P at concentratian30-fold lower than
Mg?* (Figure 8;Kapp = 0.3—0.6 mM versus>20 mM for
Mg?"). Unlike magnesium ions, however, these metal ions
favor inner-sphere contacts with the imino nitrogens of the
nucleic acid bases in addition to phosphate oxyg&3s, (
which may lead to the formation of inhibitory metal sites.
This difference in coordination preference likely explains the
inability of softer ions to completely substitute for magne-
sium in folding and/or catalysis. The activation of RNase P
catalysis by a variety of divalent transition metal ions, but
not cobalt hexammine, suggests (but does not prove) that at
least one metal ion plays an essential functional role that

oxygens, the least polarizable of the potential metal ligands requires the ionization or the displacement gOHrom the
in RNA. On the other hand, only manganese can substitutemetal hydration shell26). Such functional roles include: (i)

for magnesium to promote native structure and efficient
cleavage of pre-tRNA substrates by RNaseP78. The

direct coordination of the'3xyanion leaving group of the
5'-leader 67); (ii) direct coordination of nonbridging phos-
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phate oxygens at the cleavage s&8+66); or (iii) stabiliza- 21

tion of a nucleophilic hydroxide ionl{, 25.

Conclusions The protein component plays an important
role in decreasing the magnesium ion dependence of RNase
P catalysis. This isiot achieved by altering the number or
function of magnesium ions involved in stabilizing the global
P RNA fold or tRNA binding. However, the protein
component does increase the apparent affinities of specific
magnesium ions that stabilize pre-tRNA binding and, per-
haps, cleavage. A Hill coefficient of 4 suggests that at least
4 magnesium ion binding sites, or classes of sites, stabilize
the RNase Pre-tRNA complex.

These results do not indicate that the protein alters
magnesium binding affinity by a direct interaction with these
metals (either by coordination or by hydrogen bonding).
Rather, this increase in magnesium ion affinity is coupled
to the role of the protein in stabilizing pre-tRNA binding to
RNase P through contacts with the-l&ader sequence.
Furthermore, the protein component does not appear to play
a significant role in directly stabilizing the transition state
or the ionization of crucial active site moieties. Cobalt(lIl)
hexammine inhibition of pre-tRNA cleavage and the sensi-
tivity of catalysis to metal ion identity are consistent with a
catalytic role for one or more metal ions in RNase P.
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