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Protein Component dBacillus subtilisRNase P Specifically Enhances the Affinity
for Precursor-tRNAsP 1
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ABSTRACT. Ribonuclease P (RNase P) is an endonuclease that cleaves precursor tRNA to forarnithe 5

of mature tRNA and is composed of a catalytic RNA subunit and a small protein subunit. The function
of the protein component &acillus subtilisRNase P in catalysis @&. subtilisprecursor tRNASP cleavage

has been elucidated using steady-state kinetics, transient kinetics, and ligand affinity measurements to
compare the functional properties of RNase P holoenzyme to RNase P RNA in 10 mM,M§CImM

NH4Cl. The protein component modestly affects several steps includit@fold increases in the rate
constant for tRNA dissociation, the affinity of tRNA, and the rate constant for phosphodiester bond cleavage.
However, the protein principally affects substrate binding, increasing the affinity of RNase P for pre-
tRNAAP by a factor of 1@ as determined from both the ratio of the pre-tRi¥Adissociation and association

rate constants measured in 10 mM Mg@&hd a binding isotherm measured in 10 mM Ga@ing gel
filtration to separate enzyme-bound and free pre-tRRA Therefore, the main role of the protein
component in RNase P is to facilitate recognition of pre-tRNA by enhancing the interaction between the
enzyme and the'fprecursor segment of the substrate, rather than stabilizing the tertiary structure of the
folded RNA as has been observed for protein-facilitated group | intron self-splicing. Furthermore, the
protein component maximizes the efficiency of RNase P under physiological conditions and minimizes
product inhibition.

Ribonuclease P (RNase 'Pjatalyzes the essential-5  protein induce folding of group | introns by binding
maturation of precursor tRNA by hydrolysis of a specific specifically to RNA tertiary structures8{11). A similar
phosphodiester bond), Bacterial RNase P is a complex role has been proposed for the protein subunit of bacterial
consisting of an RNA subunit{400 nucleotides; 130 kDa) RNase P, which also appears to recognize the folded structure
and a small protein subunit(L20 amino acids; 14 kDa).  of the catalytic RNA 2, 12-15).

The RNA component efficiently catalyzes the cleavage Previously, a kinetic and thermodynamic analysis was used
reaction in vitro in the presence of nonphysiological high to determine a complete kinetic scheme for the RNase P
concentrations of salt2f, demonstrating that the RNA  RNA-catalyzed cleavage of precursor tRN(pre-tRNAP)
contains most of the determinants for binding and cleavagefrom Bacillus subtilis at high salt 16). These results

of substrates. However, the protein component facilitates provided an essential background for analysis of the effects
cleavage by RNase P under physiological salt concentrationsof Mg?*, another important cofactor, on substrate and product
(2, 3 and appears to be required for efficient tRNA binding, and catalysis by RNase P RNL/J. We have used
processing in vivo4). the same approach to obtain estimates of the rate constants

The involvement of essential protein factors in RNA- describing the pathway of pre-tRN#® cleavage catalyzed
catalyzed reactions has also been observed for the in vivoby B. subtilis RNase P holoenzyme at low salt. By
self-splicing reactions of group | and group Il introris— comparison with the RNase P RNA-catalyzed reaction under
7). Furthermore, theNeurosporamitochondrial tyrosyl- identical conditions, we have shown that the protein com-
tRNA synthetase (CYT-18 protein) and the yeast CBP2 ponent of RNase P specifically enhances the affinity of pre-
tRNAAP compared to tRNASP, thus increasingkca/Ku
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aminomethane; MES, Ntmorpholino)ethanesulfonic acid; EDTA,
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100 mM NH,CI, 50 mM Tris, 50 mM MES, pH 6.1; S or pre-tRM2, nent of B. subtilis RNase P andB. subtilis pre-tRNAsP

precursor tRNASP; 5'P, B-precursor tRNA fragment; RNase P RNA, i ; ; ;
RNA component of RNase P; RNase P protein, protein component of (containing 35 nucleotides & the RNase P processing site)
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Products of the in vitro transcription reactions were separateddescribed for the steady-state experiments except that the

by electrophoresis over a denaturing polyacrylamide gel (6
8% polyacrylamide 7 M urea) (8), isolated by passive
elution of gel fragments into a solution of TE (10 mM Tris-
HCI, 1 mM EDTA, pH 8.0) containing 0.1% sodium dodecyl
sulfate (SDS), and further purified by ethanol precipitation
followed by gel filtration (6). RNAs were quantified by
measuring the absorbance at 260 rir6) (

Radiolabeled pre-tRN%&P was produced posttranscrip-
tionally by incorporation of a labeled phosphate group at
the B terminus of the transcript. The pre-tRKA& was
incubated with calf intestinal alkaline phosphatase (USB) to
hydrolyze 5-triphosphate groups resulting from the in vitro
transcription reaction and &nd-labeled using T4 polynucle-
otide kinase (NEB) andy[*?P]JATP. Alternatively, uni-
formly labeled pre-tRNAS? was produced by inclusion of
[0-*?P]GTP in the in vitro transcription reactiod ). 32P-
Labeled mature tRNA&P was prepared from uniformly
labeled pre-tRNAS by incubation of the precursor with
RNase P RNA 16). Labeled RNAs were purified as
described for unlabeled RNA4§).

Protein Purification. The recombinant protein component
of B. subtilisRNase P was expressed in BL21(DE3) pLysS
pPWT1 by growth at 37C to an ORgo0f 0.6—0.8, induction
by the addition of 0.4 mM isopropyp-p-thiogalactoside,
and incubation at 37C for 4 h (Niranjanakumari and Fierke,

enzyme was in excess ([EJ/[St 5) and the pH was
decreased to 6.1 (buffer 2). For thepEe-tRNAP partition-
ing experiments, holoenzyme (400 nM) a¥38-labeled pre-
tRNAASP (*pre-tRNAASP; 1-2 nM) in buffer 2 were mixed
and incubated as described for the steady-state turnover
experiments. The reaction was incubatedlD s () at 37
°C, sufficient time to form Epre-tRNAASP,  An aliquot was
then removed and mixed with 9 volumes of a mixture
containing excess unlabeled yeast tRNA type X (Sigma), to
rapidly “trap” free holoenzyme as-BRNA, and a slight
excess of free RNase P protein (final concentrations: 40 nM
RNase P RNA, 66100 nM RNase P protein, and 100
unlabeled tRNA). This mixture was incubated for 14:$ (
at 37°C, sufficient time for all the E'pre-tRNAAP either
to dissociate or to cleave (see Scheme 2), before the reaction
was stopped by the addition of EDTA/urea. As a control,
the amount of free *pre-tRN&P cleaved during the tRNA
trap step ;) was determined as approximately 10% from
mixing an aliquot of RNase P (bL) with the tRNA prior
to the addition of SuL *pre-tRNAASP and incubation at 37
°C. Product concentrations in the*gre-tRNAASP partition-
ing experiments were corrected for this incomplete trapping.
Binding Studies. The affinity of mature tRNASP for
RNase P RNA and holoenzyme was measured in the
presence of 10 mM Mggland 10 mM CaGlusing a G-75

unpublished data). The cells were lysed using a French pressSephadex centrifuge column assay, as describ®d RNase

and the protein was purified from the soluble fraction of the
cell lysate by ammonium sulfate precipitation, followed by
chromatography on G-50 Sephadex gel filtration and CM-

P RNA, holoenzyme, and uniformly labeled tRRAwere
prepared as described above in buffer 1 or 2 containing 10
mM MgCl, or CaC} as indicated. Binding reactions

Sepharose ion-exchange columns (Kurz and Fierke, unpub-containing 0.1 nM tRNASP and excess RNase P (0-620

lished data). The RNase P proteirri95% pure as assayed u«M) were incubated at 37C for 10-60 min.

by SDS-polyacrylamide gel electrophoresitg, 19. The
purified protein (1«M) does not cause degradation of labeled
pre-tRNAPin 5 mM MgCl,, 100 mM NH,CI, 50 mM Tris-
HCI, pH 8, over a period of 4 h, suggesting that the protein

After
centrifugation, the amounts of radioactivity in the column
matrix and eluate were separately quantified by scintillation
counting. In principle, high molecular weight species (such
as EtRNA) will appear in the eluate after centrifugation

preparation is free from nonspecific ribonuclease contamina- while lower molecular weight species (such as tRNA) are

tion.
Steady-State ExperimentSteady-state turnover measure-

retained in the gel matrixL@, 20. In practice, approximately
20% of the radioactivity elutes in the absence of enzyme

ments of RNase P activity were performed under conditions (CpMbackground While approximately 80% elutes at high

of excess substrate ([S])/[E] 5) in buffer 1 (10 mM MgC},

100 mM NH,CI, 50 mM Tris-HCI, pH 7.8, 37C) or buffer

2 [10 mM MgCh, 100 mM NH,CI, 50 mM Tris (Research
Organics, ultrapure), 50 mM MES (SigmaUltra), pH 6.1, 37
°C]. Before the reaction, each type of RNA was heated for
3 min at 95°C in TE, mixed with an equal volume of:2
buffer 1 or 2, and preincubated at 3T for 15 min.
Holoenzyme was reconstituted by adding a slight molar
excess of RNase P protein (in 10 mM Tris-HCI, pH 8) to
RNase P RNA after the first 5 min of preincubation.
Reactions were initiated by addition of RNase P to pre-
tRNA*P, and the mixture was incubated at 3C. Time
points (5uL) were removed and quenched into an equal
volume of stop mix [10 M urea, 200 mM EDTA (pH 8.0),
0.05% bromophenol blue, and 0.05% xylene cyanol]. Un-
cleaved pre-tRNAP was separated from mature tRRFA
and 3-precursor (8°) on an 8% polyacrylamide gel contain-

concentrations of RNase P (cpipoin). The fraction of
tRNAAP bound ([EtRNA]/[tRNA]) was calculated as
(Cprneluate_ Cprn)ackgrouna/(cprnend point — Cprn)ackgrouna-

Binding of end-labeled pre-tRNAP to RNase P RNA or
holoenzyme in buffer 2 (10 mM Caglwas assayed as
described for mature tRNAP. Here approximately 35% of
the radioactivity eluted in the absence of enzyme while the
end point was 80% for holoenzyme and 65% for RNase P
RNA.

Data Analysis. Kinetic and thermodynamic data were fit
with the Kaleidagraph (Synergy Software) curve-fitting
program using the equations listed belo¥6 (21, 22; the
results are summarized in Scheme 1 or Table 1 with the
standard errors. For multiple-turnover reactions, the initial
velocity of product appearance was analyzed@% of pre-
tRNAAP cleaved). The steady-state kinetic parameters were
determined by fitting initial velocities to the Michaelis

ing 7 M urea, and these products were visualized and Menten equation23).

quantified using a Phosphorimager from Molecular Dynam-
ics.
Single-Turneer Experiments Experiments measuring

The dissociation constants of RNase P for tRAand
pre-tRNAP were determined by fitting the centrifuge
column data to eq 1, where L represents either tRRAr

single turnovers were performed and analyzed exactly aspre-tRNA*P, and [EL] indicates the concentration of ligand
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in complex with RNase P, measured as the fraction of the 1
total radioactivity ([L]ota) Observed in the eluate.

[E-LIIL] o = /(1 + Kp/[El ) 1)

The holoenzyme single-turnover results were analyzed
assuming a mechanism of two consecutive irreversible first-
order reactions by a three-dimensional fit of the data to eq 0  SAIP AL L SR
2 using the Systat (Intelligent Software) curve-fitting pro-
gram, where [E] (enzyme concentration) drftime) are the [pre-tRNAASP], uM
independent variables and product concentration, [P], is the
dependent variable. However, at both high and low enzyme
concentrations, the appearance of product approximates a
single first-order mechanism. EstimateskgiE] (low [E])
andk; (high [E]) were also obtained from a fit of these data
to eq 3. The values obtained using the two methods were
comparable.

Initial velocity / [E], s~
o
[&)]

[tRNAASP], M

0 +—————————

[P] = [pre-tRNA],| 1 + (ke Mt — Time. sec

Ficure 1: Comparison of pre-tRN#&P cleavage catalyzed by
k [E]efkgt) ) RNase P RNA and holoenzyme under steady-state conditions. (A)
1 RNase P RNAQ®) (0.05-0.2uM or [SJ/[E] =5 when the substrate
concentration was<0.2 uM) was incubated with pre-tRN&P
[P] = [P].(1 — —kobst) (3) (0.005-100uM) in 10 mM MgCl,, 100 mM NH,CI, 50 mM Tris-
« HCI, pH 7.8 (buffer 1), at 37C as describedL{). For holoenzyme-
. catalyzed reactions), RNase P RNA (0.810 nM) was prein-
For RNase P RNA, the single-turnover appearance of cypated with excess protein{80 nM) to form holoenzyme, and
product was best described by eq 3 in every case. Thereforethen pre-tRNAsP (0.016-5 «M) was added and incubated under
the dependence &f,son [E] was analyzed assuming a rapid the same conditions. Cleavage qf_pre-tR‘Nﬁwas assayed on an
equilibrium mechanism, using eq 4, whek is the 8% polyacrylamide gel and quantified using a phosphorimager. The
di iati tant f RN initial velocity (=10% cleaved) was calculated from a plot offp
ISsociation constant for pre ' versus time. Steady-state kinetic parameters (Table 1) were obtained

by fitting the data to the MichaelksMenten equation3). (B) Time
kobs: K[EJ/(Kp + [E]) (4) course for the hydrolysis of pre-tRN# (10 uM) catalyzed by 1
uM (O) or 2 uM (2) holoenyzme. Data were fit to the equation
RESULTS for a line, slope/[E}= 0.47+ 0.01 s (1 uM) or 0.48+ 0.03 s*
(2 uM). The y-intercept provides an estimate of the burst amplitude
Steady-State KineticsTo assess the functional role of the [0.404 0.05 mol of tRNA/mol of RNase P (2M) or 0.45+ 0.07

protein component in RNase P, we first measured the steady-mol of tRNA/mol of RNase P (M)].
state cleavage of pre-tRN#® catalyzed by either RNase P
RNA or holoenzyme. Initial rates of pre-tRN® cleavage ~ constant describing substrate associatk8).( For Scheme
(<10% cleaved) were measured under conditions of excessl. ka/Ku includes the rate constants for substrate binding
substrate ([SJ/[E]z 5) at 37°C in buffers 1 and 2. The and cleavagekaa/Kn = kik/(k-1 + kz). Therefore, the
reaction was stopped by a 2-fold dilution into 200 mM EDTA ©observed increase ik../Ku due to addition of the protein
(pH 8) and 10 M urea, and the formation of product was component could reflect changes in a number of steps,
ana|yzed by dena_turing po]yacry|amide ge| e|ectrophoresis inClUding a faster association rate constant, hlgher substrate
(16). The dependence of the initial reaction velocity on the affinity, or a faster rate constant for the cleavage gfré-
concentration of pre-tRN#P (Figure 1A) showed saturation ~ tRNA* to form EtRNA*P-5'P.  Single-turnover kinetic
kinetics, so the data were fit to the Michaelslenten measurements (see below) are essential to deconvolute the
equation 23) yielding values for the steady-state kinetic €ffect of the protein on microscopic rate constants.
parameter&.., Kv, andk./Ky (Table 1). The steady-state Under saturating substrate conditions, the observed rate
kinetic parameters for holoenzyme at pH 7.8 are consistentconstank., sets a lower limit on the first-order rate constants
with a previous measurement by Reich and colleag8es ( following substrate binding, including cleavage and product
In buffer 1, addition of the protein component incredsgé dissociation (Scheme 128). A time course for cleavage
Ku by 180-fold and decreasdsy by 120-fold but only of saturating pre-tRNAP catalyzed by RNase P holoenzyme
slightly affects the value ok... Decreasing the pH to 6.1  exhibits an initial burst of product formation (Figure 1B).
(buffer 2) has little effect oli.o{Ky for the holoenzyme while  The amplitude of the burst is proportional to holoenzyme
the value ofk.a/Km for RNase P RNA decreases more than concentration with a stoichiometry of 0.45 0.07 mol of
10-fold, leading to an even larger (2400-fold) increase in tRNA/mol of RNase P as estimated by extrapolation of the
the activity caused by the protein. Smith and Pa24) (  data to they-axis; furthermore, the rate constant for turnover
observed a similar pH dependencekgf/Ky for RNase P (slope/[E] = 0.48 + 0.03 s%) is similar to the measured
RNA-catalyzed pre-tRNA cleavage measured at high salt value ofk., (Table 1). This behavior is consistent with any
concentrations. mechanism in which a step after cleavage is at least partially
Under subsaturating substrate concentrations, the raterate-limiting for turnover {6, 23. Single-turnover kinetic
constantk../Ku sets a lower limit on the second-order rate measurements under these conditions demonstrate that cleav-

1
kl[ E] - k2
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Table 1: List of Kinetic and Thermodynamic Valdes

RNase P RNA holoenzyme
kinetic parameters pH6.1 pH 7.8 pH6.1 pH 7.8

Keat (S7)P 0.03+ 0.0r 0.50+ 0.06 0.27+0.02 0.83+ 0.05
KealKm (MM~ 571)P 14+0.1 19+ 4 3400+ 600 3500+ 700

K (uM)P 21+ 9 27+8 0.08+ 0.02 0.23+ 0.06
burst amplitude — — <0.1 0.45+ 0.07
KpPeRNA(M@?t) (uM) 60 + 204 - 0.006+ 0.00% -
KpPe-RNA(CZT) (uM)f 4+1 - 0.0004+ 0.0002 -
KpRNAM@?™) (uM)f 12+3 3.2+ 0.5 1.2+0.1 0.47+0.08
KpRNA(Ca2t) (uM)f 0.3+0.1 0.11+ 0.02 0.20+ 0.06 0.06+ 0.02

2 Measured at 10 mM MgGlor CaCh, 100 mM NHCI and 37°C. ? Measured as described in the legend of FigureéSteady-state kinetic
parameterg:.; andKy for the RNase P RNA-catalyzed reaction at pH 6.1 are extrapolated from kinetic measurements uptereEotRNAASP,
d Determined from transient kinetic measurements, as described in the legend of Fig@aculated from the ratié_1/k; as described in the
legends of Figures 2 and BMeasured as described in the legend of Figure 5.

Scheme 1 _
>
6.7 uM s 0.33 57! Kp=1.2 uM §
k1 ko k3 <
E +S === E*S — E-tRNA-5'P == E«{RNA === E + tRNA z
k.1 +5'P ks +5P 7 0.5
0.04s™ a
a2 E = RNase P holoenzyme; =S pre-tRNA*P (10 mM MgCh, 100 %
mM NH,CI, pH 6.1, 37°C). £ (Fase P
0 hd M I M T v
age is nearly 10-fold faster than turnovégPf' 8 = 6.3 & 0 200 400 600

0.6 s1; Kurz and Fierke, unpublished results), suggesting Time, sec
thatks (product dissociation) is the main rate-limiting step.

The calculated burst amplitude [burst amplituel€ka/(k, + kS B

ks))?] (23) for these rate constants is 0.8 mol of tRNA/mol g

of RNase P, which is larger than the experimentally < %

determined amplitude of 0.45 mol of tRNA/mol of RNase gzg 05

P. This discrepancy is likely due to a number of experi- g

mental factors, including error in determining the concentra- 5

tion of active enzyme and in extrapolating to zero time. For £

the reaction of RNase P RNA in buffer 1, the steady-state & 05 T .

kinetics were not measured at sufficiently high concentrations
of enzyme to detect a burst. However, the rate constant forFG 2. Single-turover measurements of RNase P holoenzyme
: At 1 IGURE 2: - -
product d'SS.OCIatlon cann_o't be less thea (0'5. s*, Table catalyzed cleavage of pre-tRN®R. End-labeled pre-tRN#&P
1), suggesting that addition of the protein component o 3-3 nM) was mixed with excess holoenzyme (0.6GLuM
increasesks by <2-fold in buffer 1. RNA, 0.021-5.02uM protein) and incubated in buffer 2. (A) At
When the pH is reduced to 6.1 (buffer 2), pre-tRNA low concentrations of RNase R {0 nM), data were fit to a single-
cleavage becomes the main rate-contributing step as indicatet%xloone”t'a' decay (eq 3) [1 n\aj, 2 nM (@), and 7 nM @) RNase

. holoenzyme]. An estimate of the association rate conkig6tl
by the following: (1) the absence of a pre-steady-state burst_ 0.3 uM"1 51 was obtained from the slope of a plot of the

(<0.1 mol of tRNA*?/mol of RNase P) in a time course of  gpserved rate constantg() versus [E] (inset). (B) At intermediate
pre-tRNASP cleavage catalyzed by RNase P holoenzyme (10 concentrations of RNase P (@00 nM), the data were best

1M pre-tRNA*P, 2 uM holoenzyme; data not shown); and described by a mechanism of two consecutive irreversible first-
(2) akex that is similar tok,, as determined by single-turnover ~ Order processes [10 nNDf and 40 nM &) RNase P holoenzyme].

Values fork; and k, (Scheme 1) were obtained from a three-
methods (see below). For the RNase P RNA-catalyzed dimensional fit of all of the data to a double-exponential (eq 2).

reaction at pH 6.1k (0.034 0.01 s') was estimated by Alternatively,k, [0.30+ 0.01 s%; 1 «M (v) RNase P holoenzyme]
extrapolation from low pre-tRN&P concentrations ([pre-  was estimated by fitting the data at high [E}400 nM) to eq 3.

tRNAAP] <10 uM). In this casekca is also similar tok,

determined by single-turnover methods. Therefore, addition P RNA-catalyzed reaction at high saligf. At low

of the protein component appears to increase the cleavageoncentrations of holoenzyme ([E] 10 nM), pre-tRNASP

rate constant in buffer 2 almost 10-fold, as approximated by cleavage occurs as a single-exponential decay (Figure 2A),

Keat and the observed rate constant is linearly dependent on the
RNase P Holoenzyme Single-TuvapKinetics. To isolate concentration of enzyme. At intermediate concentrations of

the pre-tRNASP association and hydrolysis steps, single- holoenzyme (16200 nM), the data are not well described

turnover kinetics ([E)/[SE 5) of the holoenzyme-catalyzed by a single-exponential decay due to a lag in product

reaction were measured at pH 6.1 where cleavage is slowformation at short times (Figure 2B). Observation of a lag

enough that the data can be collected using manual mixing.under these conditions is consistent with any mechanism

The single-turnover kinetics of RNase P holoenzyme mea- including two irreversible first-order or pseudo-first-order

sured at low salt are very similar to the kinetics of the RNase steps (Scheme Xk, > k_;) (21). The initial lag at short

Time, sec
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Scheme 2 3
>
K. _ Ee*pre-tRNA st2 3
E+ *pre—tRNA/ \E-IHNA-*S'P —3 E+tRNA + *5P 2
P4
RNA RNA [ony
Q
E«tRNA +*pre-tRNA EstRNA s
5
times is characterized by the rate const&jE] due to b — L
buildup of the Epre-tRNA'P binary complex. This is 0 10 20
followed by an exponential decay of the binary complex to Time, sec
products with a rate constant equalkko At high holoen-  Figure 3: Partitioning of the Epre-tRNACP complex as assayed

zyme concentrations400 nM), the lag in product formation by tRNA trap experimentl(). End-labeled pre-tRN%&P (1—2 nM)

nearly disappears (Figure 2B). Under these conditions, thewas added to holoenzyme (400 nM RNA, 420 nM protein), and

e i dimati after incubation for 210 s ¢;), the reaction was either mixed with
cleavage rate constant is independent of [E], indicating that 1 volume of 0.2 M EDTA (pH 8)/10 M urea) o stop the reaction

a first-order step after pre-tRN# binding is rate-limiting, or diluted (1:10) into 10Q:M unlabeled tRNA @) for 14 s ()
such as pre-tRNA&P cleavage. A value fok; (6.1 + 0.3 followed by addition of EDTA/urea. Addition of excess tRNA traps
uM~1 s71) was determined directly from the plot &fps free E as BRNA to inhibit further reaction with free *pre-tRNA&P,
versus low concentrations of holoenzyme (Figure 2A, inset) While allowing the E*pre-tRNA*P complex to react during. Both
while kqpsat high concentrations of holoenzyme provides an sets of data were fit to a single exponential (eq 3).

estimate ok, (0.30+ 0.01 s'%; 1 uM holoenzyme). Similar

1

values fork, andk, (6.7 + 0.2uM~* st and 0.33+ 0.01 g

s 1, respectively) were also calculated by a three-dimensional 5

fit of the single-turnover data at all of the enzyme concentra- <

tions to a mechanism of two consecutive irreversible first- T o5

order processes using a double exponential equation (eq 2) g /

(21). The rate constant for pre-tRN® binding to RNase S i

P holoenzyme under these conditions is similar to both (1) L§ ° e 20

the association rate constant for binding pre-tRfA0 O 1%

RNase P RNA at high saltlg) and (2) the values fokea/ Time, sec

Ky for holoenzyme (Table 1), consistent with the assumption g re 4:  Single-turnover measurements of RNase P RNA-
that substrate binding is essentially irreversithge X k-;). catalyzed cleavage of pre-tRN®. End-labeled pre-tRN#&P (2

The measured cleavage rate conskamor the holoenzyme-  nM) was mixed with excess RNase P RNA (820 uM) and
catalyzed reaction at pH 6.1 (Scheme 1) is about 18-fold incubated in buffer 2 (pH 6.1). For each concentration of RNase P

. B RNA, the data were fit to a single-exponential decay (eq 3) [0.1
slower than that determlne_d for RNase P RNA-catalyzed 4M (®), 0.5M (O), 1 M (M), and 20uM (C) RNase P RNA].
hydrolysis at pH 7.8 and high salt (100 mM MgCB0O The observed rate constant was plotted against [E] (inset), and these
mM NH,4CI) and about 5-fold slower than at pH 7.8 and 10 data were fit to eq 4 to obtain estimates of Hgfor pre-tRNAASP
mM Mg?t (1.07 M NHCI) (17) likely due to the pH  andk; (Table 1).
dependence of the cleavage steg)(
co-;(;t;l:wr:hfirr tgis?é?alt(ig]r?“gf n;?g_%l_\’,r\g; fersotr'nm?_\filiézegate ratio of the cleaved products in the tRNA trap compared to

holoenzymeK_,) from the partitioning of the Epre-tRNACSP the EDTA/urea data using eq 34, 29:

complex between products and reactants (Schemd®&) ( [Plopd[Pl, = 0.894 0.02= k,/(k, + k_,) (5)

25). This was accomplished by mixing labeled pre-tRIRtA

with a high concentration of holoenzyme (400 nM) to rapidly where [P}ys is the fraction of pre-tRNA® cleaved at 1 s
form E-*pre-tRNAP. The reaction was then diluted 10- when [E*pre-tRNA”F] is maximal (approximated by ex-
fold into an enzyme “trapping” solution consisting of 100 trapolation of the tRNA quench data to 1 s;{R}¥ 85.4%);

uM tRNA that quickly binds to free holoenzyme and thus [P]. is the end point in the EDTA/urea quench (95.8%); and
inhibits the reaction with free *pre-tRN®P but does not k; is 0.33 s (Scheme 1). Simulations of the tRNA trap
disrupt the reaction of the -Epre-tRNAASP complex. This data using the Kinsim simulation progra@6(-28) and the
mixture was incubated at 3T for several half-lives (14 s) measured values d&f andk; (Scheme 1) further constrain
to allow the E*pre-tRNA*? complex to partition between  the value ofk—_; to <0.05 s*. From these results, the value
dissociation and cleavage before the reaction was completelyof the dissociation constant for binding of pre-tRAcan
stopped by the addition of EDTA/urea. After incubating pre- be estimated from the ratio.1/k; = 6 & 5 nM, assuming a
tRNAAsP with holoenzyme for 2 s, 87% of the pre-tRK& simple bimolecular reaction.

is cleaved when the reaction is incubated with the tRNA  RNase P RNA Single-Turper Kinetics To identify the
trap followed by addition of EDTA/urea; however, only-30  role of the protein component in pre-tRKS& binding and
40% of the substrate is cleaved when the reaction is stoppedcleavage, we measured the single-turnover kinetics of RNase
by the addition of EDTA/ureat& s (Figure 3). Thisincrease P RNA under the same buffer conditions used to investigate
in product formation observed with the tRNA trap demon- the holoenzyme kinetics (Figure 4). Under these conditions,
strates that cleavage of the*gre-tRNA”P complex is more  the single-turnover kinetics of RNase P RNA-catalyzed pre-
rapid than substrate dissociation. An estimate of the rate tRNA”SP cleavage are best described by a rapid equilibrium
constant for dissociation of pre-tRN#® from RNase P mechanismK_; > k;) in which equilibration of RNase P

holoenzymeK_,) of 0.044- 0.03 s* was obtained from the
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RNA and pre-tRNASP occurs on a fast time scale followed
by rate-limiting decay of the binary complex to products.
This conclusion is based on two lines of evidence: (1) the
absence of a lag in product formation at any concentration
of RNase P RNA (measured up to 20 RNase P RNA);
and (2) the pH dependence of the steady-state parakgter
Km. As illustrated by the kinetics of the holoenzyme, so
long ask, > k-1, keaf Ky reflects the rate constant for substrate
association. However, whda < k_;, the value ofkca/Kwu

is sensitive to changes in all of the rate constants for cleavage

and binding of substrate. Single-turnover kinetic measure-
ments of the RNase P RNA-catalyzed reaction at high salt

demonstrate no significant pH dependence of the association

rate constank; [k" 8 = 3.3 uM™1 s71 (16), kPH 6 = 2.7
uM~1 s71: Crary and Fierke, unpublished results] whide
varies with pH 24). The decrease ik:..{Kyv at lower pH,
therefore, is most consistent wikh < k_;. Using the rapid
equilibrium assumption, the dependence of the single-
turnoverkypson RNase P RNA concentration (Figure 4, inset)
was fit to eq 4 in whichKy, (60 + 20 uM) approximates
the dissociation constant for pre-tRR# binding to RNase

P RNA. Furthermore, extrapolation of this curve to high
concentrations of RNase P RNA provides an estimate for
the value of the cleavage rate constdg) f 0.09+ 0.04

s1. These results indicate that the protein component
increases substrate binding affinity by as much asfalal
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Ficure 5: Measurement of the dissociation constants for binding
of precursor and mature tRN# to RNase P RNA or holoenzyme.
(A) End-labeled pre-tRNAP (0.1-0.2 nM) was mixed with excess
holoenzyme @) (0.5-400 nM RNA, 20.5-420 nM protein) or
RNase P RNAQ) (1-40uM) and incubated at 37C for 10 min

in buffer 2 containing 10 mM Caglin place of MgC}. The Epre-
tRNAASP complex was separated from free pre-tRNAby gel
filtration over a G-75 Sephadex centrifuge coluriif)( Dissociation

but has only a modest effect on the cleavage rate constantonstants (Table 1) were calculated by fitting these data to eq 1.

(=10-fold).

Dissociation Constant of Pre-tRN®in C&*. To confirm
the effect of the protein on substrate affinity, we directly
measured a binding isotherm for pre-tRMNA substituting
10 mM CacC} for MgCl; to decrease the rate constant of the
cleavage reaction. Both tRNA&9, 30 and protein 81) bind
to RNase P RNA as effectively in €aas in Mg™.
Furthermore, identical intramolecular cross-linking patterns
are obtained foE. coli RNase P RNA in the presence of
Mg?" and C&" (32). These results indicate that €a
promotes proper RNA folding. However, the cleavage rate

constant for the RNase P RNA-catalyzed processing reaction

is reduced by~10*fold when C&" replaces Mg" (24).
To determine whether Casimilarly decreases the cleav-

age rate constant of the holoenzyme, we measured the

observed rate constant for pre-tRRA cleavage under
single-turnover conditions as 1.80.3) x 10°° s* for 20
nM holoenzyme in 10 mM Cagl100 mM NHCI, pH 6.1

(B) Uniformly labeled tRNASP (0.1 nM) was mixed with excess
holoenzyme M) (0.02-6 uM RNA, 0.04-6.02 uM protein) or
RNase P RNA®) (0.25-20 uM) and incubated in buffer 1 at 37
°C for 10-60 min prior to centrifugation. The results were analyzed
as described for binding studies with pre-tRNA

function of enzyme concentration (Figure 5A) was quantified
and used to determinkpP®RNA (Table 1). These data
indicate that the protein component increases the affinity of
RNase P for pre-tRN&P in CaCl by a factor of 16-fold,
from 4 + 1 uM for RNase P RNA to 0.4+ 0.2 nM for
holoenzyme. This is comparable to the increased affinity
of the holoenzyme for pre-tRN#Pin 10 mM MgCh (Table

1). However, the affinities of both RNase P RNA and
holoenzyme for pre-tRNA&P increase about 10-fold in 10
mM CaClb compared to 10 mM MgGl(Table 1).

Dissociation Constant for tRN#. To test whether the
protein component has a generalized effect on ligand binding

(data not shown). This observed rate constant is unchangedo RNase P, we compared the thermodynamic affinities of
when the concentration of holoenzyme is increased to 400RNase P for product tRNAP in the presence and absence

nM, indicating that a first-order step, likely cleavage, is rate- Of the protein component. To measure the dissociation
limiting. This rate constant is decreased-@ld compared ~ constantKp™™4, uniformly labeled tRNA** was incubated

to ko in 10 mM MgCh (Scheme 1), similar to the decrease With excess RNase P RNA or holoenzyme in buffer 1, and

observed for RNase P RNA at high s&ltl). Furthermore,
the observed rate constant for cleavage of pre-tRRA
catalyzed by 1«M RNase P RNA is 6-fold smaller [3.1
(£0.3) x 10 ¢s71], demonstrating that the protein component
forms a functional complex with RNase P RNA ina
The affinity of RNase P RNA and holoenzyme for pre-
tRNAAP in 10 mM CaC}, 100 mM NHCI (pH 6.1) was
measured using G-75 Sephadex gel-filtration centrifuge
columns to separate free pre-tRNAfrom E-pre-tRNASP
(16). In this buffer,<2% of the pre-tRNASP is cleaved by
400 nM holoenzyme during the equilibration period of 10
min. The fraction of labeled pre-tRN¥ bound as a

the centrifuge column assay was used to separdfNAASP

from free tRNA'SP, Addition of the protein component
moderately stabilizes the interaction between RNase P and
tRNAAP, decreasind(pRNA by 7-fold at pH 7.8 (Figure 5B,
Table 1) and 10-fold at pH 6.1 (Table 1). However, this
decrease is much smaller than theé-fdld effect observed

for pre-tRNAP, These results are consistent with our
steady-state kinetic data, demonstrating that the protein has
no significant effect on product dissociation. The tRNA
dissociation constants are not particularly sensitive to pH
(Table 1); however, Ca appears to have an overall
stabilizing effect on ligand binding to RNase P, decreasing
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KpRNA by 6—8-fold for holoenzyme and up to 40-fold for
RNase P RNA (Table 1).

DISCUSSION

Function of Protein ComponentA combined kinetic and
thermodynamic approach was used to define a functional
role for the protein component d@. subtilis RNase P in
catalysis of pre-tRNAS cleavage. Our results demonstrate
that addition of the protein component enhances the binding
of pre-tRNA*P to RNase P by 5.6 kcal/mol at 3T while
only modestly increasing the stability of thetBENAAsP

Biochemistry, Vol. 37, No. 8, 1998399

of the RNA component since this should be expressed mainly
in a general, rather than differential, increase in ligand
binding affinity.

Our results are most consistent with a model in which the
protein binds to RNase P RNA and enhances interactions
between RNase P and thefecursor segment of pre-tRNA.
This interaction could either be due to direct contacts between
the B-leader sequence and the protein or be due to a protein-
induced conformational change leading to favorable contacts
between the "Sprecursor segment and RNase P RNA.
Tertiary structural probing of RNase P RNA by enzymatic

complex (1.4 kcal/mol) and decreasing the free-energy ba”ierfootprinting (14), dimethyl sulfate protectior@), or reactiv-

for E-pre-tRNASP conversion to BRNAAP-5'P (< 1.5 kcal/
mol) (10 mM MgChk, 100 mM NH,CI, pH 6.1). These
findings are consistent with previous kinetic data comparing
the holoenzyme and RNA-catalyzed reactions, although
previous studies underestimated the differential effect of the
protein on pre-tRNA and mature tRNA binding. Tallsind
Kirsebom B3) observed that the protein component does not
affect the cleavage rate constant for processing of pre-
tRNATY'Su3 byE. coli RNase P, but does increase substrate
binding affinity, as reflected in a 50-fold decreaseKps,

for the dependence of the single-turnowgss on enzyme
concentration; in this case, the decreaseKiy likely
underestimates the effect on substrate binding bedéyse
does not necessarily equ&) (23). In addition, Tallsjoand
Kirsebom @3) and Reich and colleague8)(observed that
inhibition by mature tRNA was significantly less severe for

the cleavage reaction catalyzed by RNase P holoenzyme a
low salt compared to the reaction catalyzed by RNase P RNA

at high salt. This observation is consistent with our
conclusion that the protein does not significantly increase
product affinity. The protein component thus allows the pre-
tRNA substrate to bind tightly for efficient catalysis at low
Mg?" concentration while minimizing product inhibition.
This discrimination between tRNA and pre-tRNA cannot
be fully explained by generalized effects of the protein on
RNA structure. Compared to the group | intron, the bacterial
RNase P RNA folding pathway is similarly complex,
involving multiple folding intermediatesl(, 34-37) and
independently folding subdomain33—40). Moreover, the
protein dependence of both yeast mitochondrial bl5 intron
self-splicing 1) and RNase P RNA-catalyzed pre-tRNA
cleavage?) is partially suppressed in vitro by high concen-
trations of M@". In the case of the bl5 group I intron, this
effect is due to Mgt-induced folding of the intron catalytic
core @2). However,E. coliandB. subtilisRNase P RNAs
are essentially fully folded at equilibrium in 6 mM Mg
(38, 40, and the stimulatory effect is mainly due to the Mg

ity with Fe(ll)EDTA-generated hydroxyl radical& %) indi-
cates that the overall tertiary conformation of the RNA is
essentially unchanged by the addition of the protein, while
particular structural elements become more or less accessible
to solvent. Therefore, the protein may cause limited con-
formational changes in specific regions of the RNA, perhaps
consistent with an indirect effect of the protein. However,
preliminary data indicate that thé-precursor of pre-tRNA
can form photo-cross-links with azidophenacyl-labeled RNase
P protein (Niranjanakumari and Fierke, unpublished results),
suggesting a direct contact. Alignment of known RNase P
protein sequences reveals eight conserved basic resil)es (
that could participate in direct interactions with theehd
of pre-tRNA through electrostatic contacts or hydrogen-
bonding with the ribosephosphate backbone. All of these
ata taken together suggest that a direct contact between the
grotein and pre-tRNA is plausible; however, more detailed
biochemical and structural studies will be required to fully
elucidate the mechanism of the enhancement of pre-tRNA
affinity by the protein component.

In Vivo ConsequencesStudies of bacterial tRNA bio-
synthesis clearly demonstrate that tRNA precursors in the
cell occur transiently44, 45, suggesting that the steady-
state concentration of these precursors is very low. In
contrast, excess concentrations of mature tRNA are main-
tained in the bacterial cell as part of its normal metabolism
(46). Our results indicate that RNase P is perfectly suited
to operate in this metabolic niche. Under conditions of
subsaturating substrate, the specific stabilization of tpec=
tRNAAP complex by the enzyme ensures that essentially
every substrate molecule that binds to RNase P will be
converted to products, since cleavage is faster than dissocia-
tion of substrate. On the other hand, by maintaining a weak
interaction with the tRNA product, the enzyme avoids
decreased catalysis due to (1) a lowekggcaused by slow
product dissociation and (2) significant product inhibition.

dependence of the interaction between RNase P RNA andHigh product affinity results in a lowerdd, value for both

pre-tRNA (L7). Thus, Westhof and colleaguds) proposed
that the protein component could have subtle effects on
RNase P RNA folding, constraining the RNA to a more
“compact” tertiary structure. Conceivably, the protein could
promote more efficient interactions of the RNA with its
ligands by binding to a site far removed from the active site.
Along these lines, we previously suggested that protein
binding could stabilize specific Mg sites essential for the

the steady-state cleavage of pre-tRNA catalyzed by RNase
P RNA at high salt concentrations,(16, 33 and the
cleavage of oligonucleotide substrates by LSdd RNA,

a multiple-turnover ribozyme engineered from thetrahy-
menagroup | intron &7). In the case of the group I intron,
product inhibition is irrelevant to the consideration of its
efficiency in vivo because the intron catalyzes only a single
turnover. However, because RNase P catalyzes multiple

interactions with substrate and products, thereby increasingturnovers in vivo, the ability of the holoenzyme to discrimi-

the affinity of RNase P for these ligand$7j. However,

nate between pre-tRNA and tRNA may be critical to avoid

we propose that our current results do not indicate that theinhibition of its processing activity due to high concentrations

primary role of the protein is to stabilize the overall structure

of tRNA.
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Comparisons with Protein Catalystdn a recent review, 7.
Narlikar and Herschlagd@) convincingly argue that mecha-
nistic studies of ribozymes can provide fresh insights into
the fundamental principles of biological catalysis. The most
efficient ribozymes, such as RNase P RNA and group |
introns, achieve rate enhancements for phosphodiester bond 10.
cleavage that are comparable to many protein enzymes
(~10t-fold) by tightly binding and precisely positioning their 11
substrates for catalysis4®). On the other hand, these 12.
ribozymes suffer as catalysts in multiple-turnover reactions 13
due to the complications of slow product dissociation and 7,
product inhibition. Furthermore, many protein enzymes
achieve rate enhancements of up té’46ld, far surpassing 15.
the catalytic proficiency of ribozymed®). To explain these
observations, Narlikar and Herschlag8( contend that 16.
“rigidity” is indispensable in an enzyme, proposing that the 17.
limitations of RNA packing lead to a fundamental weakness ;g
in RNA catalysis. Because of their greater conformational
rigidity and side chain diversity, proteins excel at modulating
the relative specificity of their interactions with substrates,
products, and transition states, while RNA may be less adept 19-

8.

at making these subtle distinctions. Our results are consistent 21'
with this proposal, as we have shown that RNase P is a much =™
more sophisticated catalyst in the presence of its protein than oo
in its absence, able to catalyze pre-tRNA cleavage at the 23.
diffusion-controlled limit under physiological conditions and
to selectively bind substrate, but not product, with high 24
affinity. 25
Pace and Brownlj have suggested that the ancestral gg
RNase P activity may have consisted entirely of RNA. Thus, »g'
the protein component may have been subsequently acquired og
in response to selective pressures for maximizing catalytic
efficiency, especially at physiological conditions. Our data 30.
suggest that the current ribonucleoprotein composition of
bacterial RNase P may reflect the attainment of catalytic
“perfection” (50) since the cleavage reaction is limited mainly
by the association rate constant at subsaturating concentra-g3.
tions of pre-tRNASP. This achievement of high catalytic
efficiency by RNase P may provide a partial explanation for 34.
the retention of the catalytic RNA in this enzyme. In any 35.
case, our results further supplement the observed mechanistic36
parallels between RNase P and protein enzymes, and
reinforce the idea that mechanistic studies of ribozymes will 37
yield insights into the fundamental principles of biological

32.

catalysis. 38.
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