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ABSTRACT

The transfer RNA 5 ' maturation enzyme RNase P has been characterized in Bacteria, Archaea, and Eukarya. The
purified enzyme from all three kingdoms is a ribonucleoprotein containing an essential RNA subunit; indeed, the RNA
subunit of bacterial RNase P RNA is the sole catalytic component. In contrast, the RNase P activity isolated from
spinach chloroplasts lacks an RNA component and appears to function as a catalytic protein. Nonetheless, the

E. coli RNase P and cleaves it as efficiently and precisely as
does the bacterial enzyme. To ascertain whether there are differences in catalytic mechanism between an all-RNA and

chloroplast enzyme recognizes a pre-tRNA substrate for

an all-protein RNase P, we took advantage of the fact that phosphodiester bond selection and hydrolysis by the
2* jon coordinated to the nonbridging

RNase P ribozyme is directed by a Mg

E. coli
pro-Rp oxygen of the scissile bond, and

is blocked by sulfur replacement of this oxygen. We therefore tested the ability of the chloroplast enzyme to process
a precursor tRNA containing this sulfur substitution. Partially purified RNase P from spinach chloroplasts can ac-
curately and efficiently process phosphorothioate-substituted pre-tRNAs; cleavage occurs exclusively at the thio-
containing scissile bond. The enzymatic throughput is fivefold slower, consistent with a general chemical effect of the
phosphorothioate substitution rather than with a metal coordination deficiency. The chloroplast RNase P reaction

mechanism therefore does not involve a catalytic Mg
from the mechanism of the bacterial ribozyme RNase P.

2* bonded to the pro-Rp phosphate oxygen, and hence is distinct

Keywords: catalytic mechanism; enzyme; evolution of catalysis; magnesium ion; thiosubstitution; tRNA

processing

INTRODUCTION

Transfer RNA (tRNA) molecules are synthesized as
precursors possessing both 5’-leader and 3'-trailer ex-
tensions. Ribonuclease P (RNase P) is a ubiquitous
enzyme required for maturation of precursor tRNA
(pre-tRNA) by endonucleolytic cleavage between the
5’-leader and the mature tRNA domain. In all varieties
of RNase P studied previously, the enzyme is com-
posed of an RNA subunit and a protein subunit. In
bacteria, it is the RNA component alone that is respon-
sible for catalysis (Guerrier-Takada et al., 1983), whereas
in eukaryal and archaeal varieties of RNase P, both
subunits are required for activity (for review, see Pace
& Brown, 1995). The bacterial RNase P protein subunit
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contains an average of 120 amino acids and the RNA
subunit is 350—400 nt long (Brown & Pace, 1992). For
example, the Escherichia coli RNase P protein has a
chain length of 119 nt (13.8 kDa) whereas the RNA
subunit is 377 nt (146 kDa). The role of the protein
subunit is to facilitate binding of the anionic substrate
and enzyme in vivo; and to alter substrate versus
product-binding kinetics to permit enzyme discrimina-
tion between substrate and product (Reich et al., 1988;
Tallsjo & Kirsebom, 1993; Kurz et al., 1998).

Bacterial RNase P is a metalloenzyme, requiring di-
valent metal cations for activity. The divalent ion func-
tions directly in catalysis, as the RNA subunit can bind
substrate in the presence of monovalent ions alone,
and displays a burst of activity once a divalent species
is added (Smith et al., 1992). Three Mg?* ions partici-
pate in catalysis (Hardt et al., 1993; Smith & Pace,
1993; Beebe et al., 1996; Chen et al., 1997). Magne-
sium(ll) is thought to promote catalysis in two ways; by
coordinating phosphate oxygen molecules and polar-
izing the phosphorus center, and by activating the nu-
cleophilic water molecule that attacks the scissile bond
(Smith & Pace, 1993; Fersht, 1985).
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In striking contrast to all other types of RNase P
characterized, preliminary studies of RNase P from chlo-
roplasts indicated that it lacked an associated RNA
component (Wang et al., 1988; Wang, 1991; Li, 1992).
The buoyant density of partially purified RNase P, mea-
sured by isopycnic centrifugation in CsCl, is 1.28 +
0.03 g/mL, and the distribution of activity in the gradient
is absolutely coincident with that of total chloroplast
protein (Wang et al., 1988). This density establishes an
upper limit of =7% RNA (mass/mass) (Hamilton, 1971),
corresponding to only =15-20 nt RNA per enzyme mol-
ecule of 85 + 15 kDa (as measured by gel filtration with
or without 2 M urea; Gao, 1995). However, in partially
purified samples of chloroplast RNase P that were de-
proteinized and dephosphorylated, no RNA species of
any size were detected by 3'-end labeling with [3?P]pCp
and RNAligase (Li, 1992). Finally, pretreatment of crude
or partially purified preparations of chloroplast RNase
P with micrococcal nuclease had no effect on activity,
even at nuclease concentrations 50-fold greater than
needed to completely inactivate E. coliRNase P (Wang
et al. 1988; Li, 1992).

We have achieved a 1,500-fold purification of spin-
ach chloroplast RNase P (Thomas, 1996; a preliminary
report appeared in Thomas et al., 1995). Pre-tRNA 5'-
processing activity contains no detectable RNA, and
cofractionates with one major and 4-5 minor polypep-
tides, although which polypeptide(s) contain RNase P
activity has not been determined. Taken together, these
data indicate that plant chloroplast RNase P is a con-
ventional protein enzyme.

The differences between a ribozyme-catalyzed and a
protein-catalyzed reaction pose some intriguing ques-
tions. Like the bacterial enzyme, chloroplast RNase P
requires divalent cations for activity: although the en-
zyme can bind tRNA in the absence of Mg?* ions (D.
Stomp, unpubl.), pre-tRNA cleavage is absolutely de-
pendent on Mg?* (Wang et al., 1988; Li, 1992). Almost
all ribozyme-catalyzed reactions rely upon the proper
positioning of metal ions that bear the burden of catal-
ysis (Peebles et al., 1986; Dahm et al., 1993; Piccirilli
et al., 1993). The E. coli RNase P reaction involves at
least three catalytically essential Mg?* ions that stabi-
lize the transition state and generate the nucleophilic
hydroxide (Hardt et al., 1993; Smith & Pace, 1993;
Beebe et al., 1996). At least one of these Mg?* ions is
coordinated directly by the pro-Rr phosphate oxygen
of the scissile bond (Chen et al., 1997).

One useful approach toward elucidating the role(s)
of metal ions in RNA-processing reactions is the use of
phosphorothioate-containing RNA substrates. These
modified RNAs are particularly valuable in reactions
where Mg?* ions are coordinated directly by phospho-
diester oxygens (Dahm & Uhlenbeck, 1991, Slim & Gait,
1991; Christian & Yarus, 1993; Piccirilli et al., 1993;
Harris & Pace, 1995). Incorporation of the Sp isomer of
nucleoside 5'-[a-thio]triphosphates (NTPaS) during in
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vitro transcription reactions produces Rp-phosphoro-
thioate-containing RNAs (Eckstein, 1985); this incorpo-
ration does not significantly alter the structure of the
RNA (Herschlag et al., 1991). In the bacterial RNase P
RNA reaction, sulfur replacement of the pro-Rs non-
bridging oxygen at the scissile phosphodiester bond in
pre-tRNA decreases the hydrolytic rate constant (kzhem)
by greater than 10%-fold. This inhibition can partially be
reversed by substituting Mn2* for Mg2* (Chen et al.,
1997).

To compare one aspect of chloroplast RNase P ca-
talysis to this well-defined facet of ribozyme RNase P
chemistry—the interaction of divalent cation(s) with the
scissile phosphodiester—we tested a substantially pu-
rified preparation of spinach chloroplast RNase P for its
ability to process a precursor tRNA containing an Rp-
phosphorothioate substitution at the scissile bond. The
results define one fundamental difference between the
protein-only and the RNA-only activities.

RESULTS

Partial purification of chloroplast RNase P

RNase P was purified from spinach chloroplasts es-
sentially as described by Thomas (1996), using a mod-
ification of the procedure of Li (1992). A hypotonic lysate
of crude spinach chloroplasts is freed of endogenous
nucleic acids by precipitation with polyethyleneimine
and passage over a column of DEAE-cellulose. The
most dramatic purification, about 100-fold, is afforded
by chromatography on the cation-exchanger S-Sepha-
rose FF. Subsequent purification by hydroxyapatite-
agarose (HA-Ultrogel) was modified from Li (1992) so
that the high-salt S-Sepharose eluate was applied di-
rectly to the HA column, nonspecifically bound protein
eluted with 1 M KCI, and RNase P activity then eluted
with a linear phosphate gradient. Enzyme at this stage
is approximately 800- to 900-fold purified over the chlo-
roplast lysate. During further purification by Reactive
Blue-agarose or heparin-agarose pseudo-affinity chro-
matography, activity cofractionates closely with one ma-
jor polypeptide of ~30 kDa and to a lesser extent with
4-5 minor polypeptides of ~50—-90 kDA. At this time an
assignment of activity to any polypeptide(s) is not yet
possible. We are confident that the purified fractions
contain only protein, because there is essentially no
difference between the pattern of polypeptides de-
tected by silver staining and that detected by Coomassie
staining of polypeptides transferred to PVDF mem-
brane (not shown). Details of the purification will be
published separately.

Chloroplast RNase P cleaves a
phosphorothioate-containing pre-tRNA

A semisynthetic precursor to yeast tRNA""® (Sampson
& Uhlenbeck, 1988) is accurately processed both by
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FIGURE 1. Schematic representation of precursor tRNA substrates. The mature tRNA domain starts with nucleotide +1.
The large arrow indicates the RNase P cleavage site. A: Maize chloroplast pre-tRNAP". The shaded box represents the
143-nt 5’ leader sequence, the striped box represents the 116-nt 3’-trailer RNA, and the filled line indicates the 74-nt mature
tRNA domain. B: Yeast pre-tRNAP"® (substrate pre-G;Phe) contains a 43-nt 5’ leader RNA (shaded box) and a 73-nt mature
tRNAP" domain followed by the 3’ terminal CCA. C: Substrate pre-A;Phe is identical to pre-G;Phe except that G1:C72 is

changed to A1:U72.

E. coli and by spinach chloroplast RNase P, and was
used previously to ascertain the phosphorothioate sen-
sitivity of the bacterial enzyme (Chen et al., 1997). For
this reason, we employed the same substrate with chlo-
roplast RNase P. As shown in Figure 1B, RNase P
cleaves this pre-tRNA 5’ to the phosphoryl of guano-
sine at position +1 of the mature tRNA sequence. To
control for the effects of phosphorothioate substitutions
other than at the scissile bond, two substrates were
employed: the wild-type yeast pre-tRNA”"®, here re-
ferred to as pre-G;Phe (Fig. 1B), in which the scissile
bond is A_;lpG,,, and a variant, called pre-A;Phe
(Fig. 1C), which is identical except that the scissile bond
is A_;lpA_; (Chen et al., 1997). In this strategy, pre-
G,Phe uniformly substituted with GMPaS (called pre-
G,Phe[GaS]) or pre-A;Phe uniformly substituted with
AMPaS (pre-A;Phe[AaS]) possess thiosubstitutions
both at the scissile bond and at numerous other posi-
tions, so the corresponding substrates pre-A;Phe[GaS]
or pre-G,Phe[AaS] control for the effects of thiosubsti-
tution at positions other than the scissile bond.

To quantify the effect of phosphorothioate substitu-
tions, initial reaction velocities were measured. Typical
processing assays are presented in Figure 2, and the
guantitative results are shown in Table 1. Unsubstituted
pre-G;Phe and pre-A;Phe both are effective substrates
for chloroplast RNase P (Fig. 2, compare lanes 2 and
7) The G, substrate is cleaved about twofold faster
than the A, substrate, as indicated by the data in

Table 1. Cleavage of pre-G;Phe substituted either with
AMPaS or GMPaS is reduced to the same extent (Fig. 2,
lanes 1 and 3, respectively), to 0.6-0.7 nM/min (see
Table 1). This represents a five- to sixfold reduction
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FIGURE 2. Chloroplast RNase P processing of unsubstituted or
phosphorothioate-substituted yeast pre-tRNAPhe. Precursor tRNAs
were either unsubstituted or uniformly substituted with GMPaS and
were labeled with [3?P]JUMP. Each 20-uL reaction contained ~0.33 U
of a 790-fold pure sample of hydroxyapatite-purified chloroplast RNase
P, and 80—-120 nM yeast precursor tRNAP", The reaction was incu-
bated at 37 °C for 5 or 15 min, and reaction products were separated
by electrophoresis on a 10% polyacrylamide/7 M urea gel, an auto-
radiograph of which is shown.
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TABLE 1. RNase P initial velocities with substrates pre-G;Phe
and pre-A;Phe.

Precursor tRNA

Nucleotide at Phosphorothioate Initial reaction velocity

position +1 nucleotide (nM tRNA formed min—1)
G none 3.6

GMPaS 0.6

AMPaS 0.7
A none 1.8

GMPaS 0.6

AMPaS 0.9

Initial velocities were calculated from the experiment shown in
Figure 2, assuming linear reaction for the first 15 min.

from the cleavage rate of the unsubstituted precursor.
Correspondingly, cleavage of pre-A;Phe substituted ei-
ther with AMPaS or GMP«S (Fig. 2, lanes 6 and 8) is
reduced to a similar rate, 0.6—0.9 nM/min (Table 1) or
about two- to threefold slower than the unsubstituted
precursor. These results demonstrate that phosphoro-
thioate substitution in pre-tRNA affects RNase P cleav-
age to the same extent whether or not the scissile bond
contains a phosphorothioate. In other words, little if any
of the reduced cleavage can be attributed to the thio-
substitution at the scissile bond itself.

Precise cleavage of a phosphorothioate bond
by chloroplast RNase P

These results indicated that chloroplast RNase P
cleaves phosphorothioate-containing bonds. To deter-
mine whether cleavage occurs at the authentic RNase
P site, the sequence surrounding the cleavage site was
determined in processing reactions performed with a
homologous substrate. We previously determined the
nucleotide sequence at the cleavage site in maize chlo-
roplast pre-tRNAP" (precursor | of Wang et al., 1988),
the substrate used for purification of chloroplast RNase
P. Cleavage normally occurs 5’ to the phosphoryl of G ;,
within the sequence —Ap_,Gp_1Goplp+1Gp.UpC—.
The products resulting from RNase P cleavage occur-
ring at this position are a 143-nt 5’ leader RNA and a
190-nt species containing mature tRNA plus 3’ trailer
RNA. As Figure 3 shows, equivalent-sized products are
generated from substrates that were unsubstituted
(lane 1) or uniformly substituted with GMPaS (lanes 2—
4), consistent with chloroplast RNase P cleavage at the
correct site in both substrates.

To precisely localize the position of chloroplast RNase
P cleavage, tRNA + trailer reaction products were re-
covered and subjected to 5’-end analysis. Ribonucle-
ase T2 hydrolyzes 5’-mature tRNAto produce a unique
ribonucleoside 3’, 5’ bisphosphate (pNp) from the 5’
end of the tRNA, and ribonucleoside 3’ monophos-
phates (Np) from all internal positions. The RNase
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FIGURE 3. Preparative-scale processing by chloroplast RNase P of
phosphorothioate-substituted chloroplast pre-tRNAP"®. Precursor
tRNAs were either unsubstituted or were uniformly substituted with
GMPaS and were labeled singly with [*2P]JUMP, [*2P]AMP, or
[32P]CMP. Each 100-uL reaction contained ~2 U HA-Ultrogel-purified
RNase P and ~5 nM maize chloroplast pre-tRNAP". The reaction
was incubated at 37 °C for 45 min; products were separated by elec-
trophoresis and detected by autoradiography.

T2 digestion products were separated using anion-
exchange thin-layer chromatography. To detect prod-
ucts resulting from cleavage at positions other than
+1, pre-tRNAs were labeled singly with [3?P]JUMP,
[32P]AMP, or [*2P]CMP. Table 2 enumerates the pos-
sible outcomes of 5’-end analysis with the labeled pre-
cursor tRNAs used in this study.

The results of this analysis are shown in Figure 4.
Cleavage products from unsubstituted [32P]UMP-labeled
pre-tRNAP" contain only 5'-terminal pGp, indicating
that chloroplast RNase P processing occurred at posi-

TABLE 2. Potential products of tRNA 5" end analysis.

Potential

cleavage Resulting
Substrate 32p label position(s) 5’ nucleotide
Unsubstituted p*U +1 pGp*
+2 p*Up
-3,-2, -1, +3 NL2
GaS-substituted p*U +1 P(s)Cp*°
+2 p*Up
-3,-2,-1, +3 NL
p*C -3,-2,-1, +1 NL
+2 pUp*
+3 p*Cp
p*A -2, -1, +1, +2 NL
+3 pCp*

*: the 32P-labeled phosphate.
aNL: no nucleotide would be labeled under these conditions.
bp(S)Gp* is guanosine 3'-[*?P]phosphate, 5’ phosphorothioate.
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FIGURE 4. Determination of RNase P cleavage site in chloroplast
pre-tRNAP"®. The tRNA + 3’ trailer products from a preparative-scale
processing reaction (shown in Fig. 3) were digested with RNase T2.
The resulting nucleotides were separated on PEI-cellulose thin-layer
plates developed with 1.6 M LiCl and were detected by autoradiog-
raphy. The migration positions of unlabeled pAp and pGp, added as
internal standards, are indicated by dotted lines. The identity of p,Gp
was determined as described in Materials and Methods.

tion +1. In RNase P products from GMPaS-substituted
precursor labeled with [*2P]JAMP (Fig. 4, lane 4) or
[32P]CMP (Fig. 4, lane 3), no nucleoside bisphosphates
are visible, indicating that cleavage of phosphorothioate-
substituted pre-tRNAP" did not occur 5’ to phosphates
at positions —3, +2, or +3.

From [*?P]UMP-labeled, GMPaS-substituted tRNA +
trailer RNA, RNase T2 digestion releases two pNp spe-
cies: a low-abundance species that comigrates with
pGp as well as a prominent, slowly migrating species
near the chromatographic origin (Fig. 4, lane 2). We
identified the slowly migrating species as guanosine
3'-[**P]phosphate, 5'-O-(thiomonophosphate) [p(s,Gp*].
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The identity of this species is based on two lines of
evidence: first, its migration is identical to that of
commercially synthesized p,Gp. Second, when the
slowly migrating material was eluted from the thin-
layer plate and treated with iodoethanol to hydrolyze
phosphorothioate-containing bonds, guanosine 3’-
[32P]monophosphate was released (see Methods; data
not shown). The small amount of labeled material co-
migrating with internal marker pGp (Fig. 4, lane 2) cor-
responds most likely to pGp derived by oxidation of the
phosphorothioate during handling (see also Chen et al.,
1997).

Metal coordination at the scissile
oxygen is unlikely to be rate limiting
for chloroplast RNase P

pro-Rp

To further investigate the mechanism whereby uniform
phosphorothioate substitution reduces cleavage veloc-
ity, we determined Michaelis-Menten steady-state ki-
netic constants. We expect that an inhibition resulting
from decreased Mg?* coordination will reduce the cat-
alytic rate constant, kinem, by an amount commensu-
rate with the decreased affinity of Mg?2* for sulfur versus
for oxygen, or about 103- to 104-fold if the catalytic step
is the rate-limiting component of k., (Pecoraro et al.,
1984; discussed in Chen et al., 1997). Even if catalysis
is not rate limiting, thiosubstitution will produce a pro-
found inhibition of multiple-turnover reactions (cf. Chen
et al.,, 1997). On the other hand, if there is no metal
coordination by the pro-Ry oxygen, we expect an ex-
tent of inhibition commensurate with that of the re-
duced reactivity of sulfur-linked phosphorus, which has
been measured at 4- to 11-fold for model reactions
(Herschlag et al., 1991). To this end we compared sub-
strate dependence in kinetic assays using unsubsti-
tuted chloroplast pre-tRNAP"® and GMPaS-containing
pre-tRNAP". The kinetic constants obtained from the
best-fitting Michaelis-Menten curves are summarized
in Table 3. Unsubstituted pre-tRNAP"® is cleaved by
chloroplast RNase P with a V,,,, of 2.7 nM 5’ leader
formed min~—1. The observed K, 16 nM pre-tRNA, is
similar to that for bacterial RNase P (Stark et al., 1978;

TABLE 3. Kinetic constants for unsubstituted and GMPaS-substituted
chloroplast pre-tRNAP"®,

Ky Vinax Vinax! Km
Thiosubstitution (nM) (NM min—1) (min~—?1)
none 16. £ 3 27+01 0.17 £ 0.02
GMPaS 12. £ 3 0.38 = 0.03 0.032 = 0.006

Substrate titrations were performed using pre-tRNAs that were
either unsubstituted or 100% substituted with GMPaS. Each 20-uL
reaction contained 0.1 U of HA-Ultrogel-purified RNase P and in-
creasing amounts of precursor tRNA. Reactions were performed and
analyzed as described in Materials and Methods.
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McClain et al., 1987; Reich et al., 1988; Smith & Pace,
1993). In comparison, for pre-tRNAP"® uniformly sub-
stituted with GMPaS, V. is reduced about sevenfold,
to 0.38 nM 5’ leader formed min~?, although K, re-
mains almost unchanged at 12 nM pre-tRNA. The over-
all throughput of chloroplast RNase P in processing
these two pre-tRNAs was estimated from the value of
Vinax /Ky, Which, as indicated in Table 3, decreases
fivefold upon phosphorothioate substitution. Chloro-
plast RNase P is hence fivefold less efficient when
processing a phosphorothioate-substituted pre-tRNA
than an unsubstituted precursor. This reduction in V.,
and in V,,,./Ky, is markedly less than that expected for
a disruption of metal coordination, but is of a magni-
tude consistent simply with reduced chemical reactivity
of the phosphorothioate center.

DISCUSSION

Chloroplast RNase P was previously shown to be a
protein enzyme, lacking the RNA subunit common to
all other characterized RNase Ps (Wang et al., 1988;
Li, 1992). Further purification as reported here corrob-
orates the protein nature of this enzyme. On several
grounds, we believe that this activity is an authentic
plastid-specific RNase P. First, only one peak of cleav-
age activity against chloroplast pre-tRNA is detected
during chromatographic purification (Li, 1992; Thomas,
1996). Second, the activity we have purified displays a
substrate specificity consistent with that expected for a
plastid-specific enzyme. The partially purified enzyme
exhibits approximately equal activity against maize chlo-
roplast pre-tRNAP"™ and yeast nuclear pre-tRNAP"e-
YFO (Vipax/Ky = 0.077 + 0.043 min~t vs. 0.073 =+
0.018 min—%, respectively, when assayed with 0.05 U
HA-Ultrogel-purified enzyme [Li, 1992]), whereas the
nuclear/cytoplasmic RNase P from wheat embryo is
inactive against the chloroplast precursor (see Fig. 25
of Oommen, 1991). Finally, the chloroplast pre-tRNA”"®
used for purification assays is not a substrate for E. coli
RNase P RNA (Li, 1992), presumably because it lacks
an encoded 3'-CCA sequence.

To compare the catalytic mechanism of a protein
RNase P to that of an all-RNA RNase P, we tested
partially purified preparations of chloroplast RNase P
for their ability to cleave a substrate molecule contain-
ing a phosphorothioate substitution at the scissile bond.
Catalysis by the RNA subunit of E. coli RNase P de-
pends absolutely upon the presence of a Mg?* or Mn?*
ion coordinated by the pro-Rp nonbridging oxygen of
the scissile bond in the bacterial RNase P reaction.
Indeed, in the presence of Mg?™, E. coliRNase P RNA
cleaves phosphorothioate-substituted pre-tRNA at the
unsubstituted bond closest to the correct position, al-
beit with a 104-fold reduced rate constant (Chen et al.,
1997). In striking contrast, RNase P from spinach chlo-
roplasts can accurately and efficiently process a pre-
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cursor tRNA possessing a pro-Rp phosphorothioate
substitution. Analysis of the reaction products demon-
strates that chloroplast RNase P cleavage of phos-
phorothioate-containing pre-tRNA occurs at the correct
position, 5’ to the thiophosphoryl of nucleotide +1, the
first nucleotide of the mature tRNA domain. Cleavage
at alternate, nonthiolated, bonds was not detected. The
ability of the chloroplast enzyme to hydrolyze an Rp-
sulfur-containing phosphodiester bond suggests that
Mg?* is not coordinated, directly or indirectly, by the
substrate pro-Rp oxygen during the chloroplast RNase
P reaction.

Because the rate-limiting step of steady-state catal-
ysis is unknown for the chloroplast enzyme, these results
do not directly inform us of the effect of thiosubstitution
on the chemical step, but they suggest that the rate-
limiting step, chemical or not, is unaffected by thiosub-
stitution. Our data are most consistent with the rate-
limiting step in the chloroplast RNase P reaction being
a chemical step involving the pro-Rp oxygen without
direct metal-ion coordination. We cannot yet exclude
the possibility that the chemical step involves metal
coordination and that upon thiosubstitution the rate-
limiting step changes from a nonchemical to a chemi-
cal step.

Because RNA and protein phosphodiesterase and
related activities display a diversity of reaction mech-
anisms, we use the presence or absence of Rp-
thiosensitivity not to differentiate between RNA enzymes
and protein enzymes as classes, but rather as a hall-
mark of the RNA-catalyzed RNase P reaction. To ex-
plain the catalytic chemistry of chloroplast RNase P, it
is useful to compare it to other protein enzymes which
catalyze phosphodiester bond hydrolysis, generating
products with 3’-hydroxyl and 5’-phosphoryl termini,
and for which phosphorothioate sensitivity is known.
These fall generally into two classes. The first class
contains those enzymes that are Rp-specific (cleave
Rp-thiosubstituted but not Sp-thiosubstituted scissile
phosphodiester), and consists of helix-specific hydro-
lases and 3’-exonucleases. The second class contains
enzymes that are Sp-specific (Rp-thiosensitive), and
consists mostly of single-strand-specific endonucleases.

Members of the Rp-specific class of protein nucle-
ases include the duplex-specific RNase Il (E. coli: Nich-
olson et al., 1988) and RNase H1 (E. coli: Uchiyama
etal., 1994) and restriction endonucleases EcoRI (Con-
nolly et al., 1984), EcoRV (Grasby & Connolly, 1992),
Sfil, Hpall, and the MuA transposase (Mizuuchi et al.,
1999). Scissile Sp-phosphorothioate inhibition of RNase
H, Sfil, Hpall, and MuA transposase was not reversed
by addition of Mn?* (Uchiyama et al., 1994; Mizuuchi
etal., 1999), consistent with complex enzyme-substrate
or enzyme-metal-substrate interactions. The exonucle-
ase group includes the 3" — 5’ proofreading exonucle-
ase activity of DNA polymerase (E. coli poll: Brautigam
& Steitz, 1998; phage T4: Gupta et al., 1982), E. coli
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exonuclease | (Brody & Doherty, 1985), and human
serum 3’-exonuclease (Koziolkiewicz et al., 1997).

The Sp-specific class of nucleases is more limited,
and consists of the single-strand-specific Zn(ll)-depen-
dent endonucleases (P1 nuclease: Potter et al., 1983a;
S1 nuclease: Potter et al., 1983b; mung bean nucle-
ase: Hamblin et al., 1987), as well as the second, hy-
drolytic, step of the snake venom exonuclease reaction
(Burgers et al., 1979). A few nucleases are known to be
inhibited both by Rp- and Sp-thiosubstitution, but of
these, only DNase | (Spitzer & Eckstein, 1988) is com-
parable to RNase P in generating 5'-P and 3'-OH
termini.

No direct comparison can be made between these
nucleases and chloroplast RNase P, because its Sp-
thiosensitivity has not been tested. However, com-
parison among these activities is instructive. Current
proposed mechanisms for the E. coli RNase P RNA-
catalyzed reaction invoke three catalytic Mg?* ions
(Hardt et al., 1993; Smith & Pace, 1993; Beebe et al,,
1996). One of these Mg?* ions clearly coordinates the
pro-Rp oxygen (Chen et al., 1997), and was proposed
to coordinate the attacking hydroxide. On the other hand,
the 3" — 5’ exonuclease domain of E. coli DNA poly-
merase | (Beese & Steitz, 1991; Steitz & Steitz, 1993)
does not employ a metal ion in the vicinity of the pro-Rp
oxygen of the scissile bond. Instead, the hydroxyl moi-
ety of tyrosine residue 497 can hydrogen bond to and
help position the attacking nucleophilic hydroxide ion,
and might interact with the pro-R» oxygen of the scis-
sile bond. We speculate on this basis that chloroplast
RNase P is capable of hydrolyzing an Rp-phosphoro-
thioate bond because it uses amino-acid side chains to
coordinate the attacking nucleophile in a similar manner.

MATERIALS AND METHODS

Enzymes and reagents

Bacteriophage RNA polymerases were purchased from U.S.
Biochemicals. RNase inhibitor (InhibitAce, now called Prime
RNase Inhibitor) was purchased from 5" — 3’ Inc. Restriction
endonucleases were from New England Biolabs or Promega.
All DNA modifying enzymes were used with their supplied
buffers. All chemicals were reagent or ultrapure grade. Organic-
free deionized water (Barnstead Nanopure, 0.2 mm filtered)
was used throughout.

Preparation of pre-tRNA substrates

The precursor to chloroplast pre-tRNAPhe, designated pre-
NXPhe, consists of maize chloroplast tRNAP" (74 nt) plus
the chloroplast-encoded 143-nt 5’ extension and 116-nt 3’
extension (“precursor I” of Wang et al., 1988). This substrate
was transcribed from plasmid pTUC8-NXPhe (Wang et al.,
1988) linearized with Hindlll. Precursors to yeast tRNAP in
which the first base of the mature tRNA was G (wild-type,
pre-G;Phe) or A (pre-A;Phe) were prepared by transcription

551

of BstNlI-linearized plasmids pBSYFO or pBSYFO0-A1U72
(Chen et al., 1997).

Transcription reactions were performed as described (Chen
et al., 1997) with 50 ug DNA template/mL, 800 U RNA
polymerase/mL, and 100-500 uCi [a-32P]rNTP (New En-
gland Nuclear)/mL. RNAs were separated by electrophoresis
on 10% polyacrylamide/7 M urea gels and purified essen-
tially as described (Wang et al., 1988). Eluted RNA was eth-
anol precipitated from 2 M NH4OAc, dried, and resuspended
in sterile water.

The correct label and presence of Rp phosphorothioate in
the transcribed RNA were confirmed in two ways. First, sam-
ples of most transcripts, and one sample of gel purified prod-
uct, were digested with nuclease P1, which cannot cleave Rp
phosphorothioate-containing phosphodiester bonds. The re-
action products were separated by thin-layer chromatogra-
phy on PEl-cellulose (described below). Both unsubstituted
and substituted RNAs yielded a single nucleoside 3’-mono-
phosphate identical with the one used to label the RNA during
transcription. Substituted RNAs also contained nuclease-
resistant mono-, di-, and trinucleotides. Second, the purified
RNAs were treated with 20—-80 mM iodoethanol (2 min, 95 °C)
and analyzed by denaturing gel electrophoresis. Unsubsti-
tuted RNA was unaffected by this treatment, whereas thi-
olated RNA was extensively fragmented.

Chloroplast RNase P processing assays

One unit of chloroplast RNase P activity is defined as the
amount of enzyme giving a reaction velocity of 1 nM 5’-
leader released min—* under standard assay conditions (lin-
ear with respect both to time and to enzyme concentration in
a 5-min reaction). Standard processing assays (20 ulL) were
done with ~0.3—-3 U RNase P and ~5 nM [3?P]pre-tRNA in
processing buffer (Wang et al., 1988) containing 50 mM KCI
and 15 mM MgCl,. Reactions were incubated for 5-10 min at
37°C, then stopped and analyzed by gel electrophoresis as
described (Wang et al., 1988). RNA species were quantitated
by measuring Cerenkov radiation in gel slices corresponding
to each RNA and correcting for background in each lane.

The same procedure was utilized for kinetic assays, except
that pre-tRNAP"® concentrations ranged from 1-120 nM (0.06—
7.5 times wild-type K),) and incubation times were 1 or 5 min
at 37°C. Only reactions giving <20% cleavage were used.
Using data from more than four assays, kinetic constants
were calculated by nonlinear curve fitting of the Michaelis-
Menten and Hill equations using Prism (GraphPad Software)
software.

Preparation of chloroplast RNase P

Spinach chloroplast RNase P was purified by a modification
(Thomas, 1996) of the procedures of Wang et al. (1988) and
Li (1992). (A preliminary account appeared in Thomas et al.
[1995].) Similar results were obtained when buffers other than
those containing phosphate were prepared either with EDTA
or EGTA. Crude chloroplasts were isolated essentially as
described (Wang et al., 1988; Gegenheimer, 1990) starting
with 2—3 kg supermarket spinach leaves. Twice-washed chlo-
roplasts were lysed by resuspension in Hypotonic Lysis buffer
(Gegenheimer, 1990) containing 0.1X protease inhibitor mix
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(1X protease inhibitors is 1 mM benzamidine, 1 mM PMSF,
1 mM benzamide, and 5 mM e-amino-n-caproic acid). The
lysate was brought to 0.15 M (NH,4)>S0O, (4% of saturation at
4°C) and large nucleic acids were precipitated with 0.1%
polyethyleneimine. The supernatant from this step was fur-
ther fractionated by raising the (NH,4),SO, saturation to 60%
at 4°C. The resulting pellet was resuspended in F-buffer
(20 mM Tris-HCI [pH 8.0 at 20°C], 1 mM NaEGTA [pH 8.0],
20% glycerol [v/v], 0.5% Genapol X-080 [Fluka], 1 mM DTT,
0.1X protease inhibitors) containing 50 mM KCI, and was
then dialyzed against two changes of the same buffer. The
dialysate was fractionated on a DEAE-cellulose column (What-
man DE-52) equilibrated at pH 8.0 with the above buffer.
RNase P activity was eluted from the column using a linear
gradient of 50 mM to 300 mM KCI in F-buffer. Fractions with
RNase P activity were pooled and dialyzed against two
changes of H-buffer containing 100 mM KCI and 40% gly-
cerol (H-buffer is 20 mM HEPES-KOH [pH 7.0], 0.1 mM
NaEDTA [pH 8.0], 20% glycerol [v/v], 0.5% Genapol X-080,
1 mM DTT, 0.1X protease inhibitors). The dialysate was frac-
tionated on S-Sepharose FF (Pharmacia) equilibrated with
the same buffer and eluted with a linear gradient from 100 mM
to 500 mM KCI in H-buffer. Fractions with RNase P activity
were pooled and loaded directly onto a column of HA-Spectra/
Gel (Spectrum) equilibrated with H-buffer containing suffi-
cient KCI to raise the conductivity to that of the input pool
(200-300 mM KCI). The column was washed to baseline
absorbance with 1 M KCI H-buffer and RNase P was eluted
with a linear gradient from 50 to 500 mM P-buffer (K-PO,4
[pH 7.0], 20% glycerol, 0.1 mM NaEDTA [pH 8.0], 0.5% Ge-
napol X-080, 1 mM DTT, 0.1X protease inhibitors). Fractions
with RNase P activity were pooled and dialyzed against two
changes of H-buffer containing 20 mM KCI. The analyses
reported here were performed with four independent prepa-
rations of RNase P, purified to the S-Sepharose step (prep-
aration P19-S, ~300-fold purified) or to the HA-Ultrogel stage
(~500-800-fold purified: P10-HA, P19-HA2, and P21-HA).

5’-end analysis

Cleavage with RNase T2 was performed as in Chen et al.
(2997) but in a 0.5-mL microcentrifuge tube, using between 1
and 10 U RNase T2 (Calbiochem) for 2—4 h at 50°C. The
reaction mix was spotted onto pre-washed (Chen et al., 1997)
polyethyleneimine-cellulose thin-layer plates (Polygram Cel
300 MN PEI, Brinkman Instruments), which were then devel-
oped with 1.6 M LiCl and visualized by autoradiography.

Individual nucleotide species on the thin-layer plate were
recovered (Volckaert et al., 1976) for further analysis by elu-
tion into 2 M triethylammonium acetate (pH 7.6). The eluate
was dried under vacuum, dried twice from 50 uL of sterile
water, and resuspended in 15 uL of sterile water. To test for
the presence of phosphorothioate, selected nucleotides were
treated with 2-iodoethanol (Sigma): 10 wuL of resuspended
nucleotide was mixed with 1 uL of concentrated 2-iodoethanol
(~13 M) and incubated at 95°C for 2 min. The mixture was
then separated on PEI-cellulose thin-layer plates developed
with 1.6 M LiCl, and visualized by autoradiography. Control
reactions demonstrated that unsubstituted pGp and pAp were
unaffected by this treatment.

Authentic guanosine 5’-phosphorothioate, 3’-monophos-
phate, ps,Gp, was synthesized by Macromolecular Resources,

B.C. Thomas et al.

Inc. (Colorado State University, Fort Collins, Colorado, USA).
After synthesis, ps)Gp was precipitated with ethanol in the
presence of 15 mM MgCls.

ACKNOWLEDGMENTS

Support during the preliminary phases of this work was pro-
vided by National Science Foundation (NSF) grant DMB 91-
06364 and University of Kansas grant GRF-3453 and later by
NSF grant OSR 92-55223. We thank Mark Richter for moral
and financial support during the final phases of this work, and
Dick Himes for a review of the manuscript.

Received July 12, 1999; returned for revision September
20, 1999; revised manuscript received January 27, 2000

REFERENCES

Beebe JA, Kurz JC, Fierke, CA. 1996. Magnesium ions are required
by Bacillus subtilis ribonuclease P RNA for both binding and cleav-
ing precursor tRNA*SP, Biochemistry 35:10493—-10505.

Beese LS, Steitz TA. 1991. Structural basis for the 3'-5" exonuclease
activity of Escherichia coli DNA polymerase I: A two metal ion
mechanism. EMBO J 10:25-33.

Brautigam CA, Steitz TA. 1998. Structural principles for the inhibition
of the 3'-5’ exonuclease activity of Escherichia coli DNA poly-
merase | by phosphorothioates. J Mol Biol 277:363-377.

Brody RS, Doherty KG. 1985. Stereochemical course of hydrolysis of
DNA by exonuclease | from Escherichia coli. Biochemistry 24:
2072-2076.

Brown JW, Pace NR. 1992. Ribonuclease P RNA and protein sub-
units from bacteria. Nucleic Acids Res 20:1451-1456.

Burgers PM, Eckstein F, Hunneman DH. 1979. Stereochemistry of
hydrolysis by snake venom phosphodiesterase. J Biol Chem
254:7476-7478.

Chen Y, Li X, Gegenheimer P. 1997. Ribonuclease P catalysis re-
quires Mg?* coordinated to the pro-Rp oxygen of the scissile
bond. Biochemistry 36:2425-2438.

Christian EL, Yarus M. 1993. Metal ion coordination sites that con-
tribute to structure and catalysis in the group | intron from Tetra-
hymena. Biochemistry 32:4475—-4480.

Connolly BA, Potter BV, Eckstein F, Pingoud A, Grotjahn L. 1984.
Synthesis and characterization of an octanucleotide containing
the EcoRlI recognition sequence with a phosphorothioate group
at the cleavage site. Biochemistry 23:3443—-3453.

Dahm SC, Derrick WB, Uhlenbeck OC. 1993. Evidence for the role of
solvated metal hydroxide in the hammerhead cleavage mecha-
nism. Biochemistry 32:13040-13045.

Dahm SC, Uhlenbeck OC. 1991. Role of divalent metal ions in the
hammerhead RNA cleavage reaction. Biochemistry 30:9464—9469.

Eckstein F. 1985. Nucleoside phosphorothioates. Annu Rev Biochem
54:367-402.

Fersht A. 1985. Enzyme structure and mechanism, 2nd ed. New
York: W.H. Freeman and Co. pp 67-69.

Gao L. 1995. Partial purification and polypeptide identification of
chloroplast RNase P. Thesis. Lawrence, Kansas: University of
Kansas.

Gegenheimer P. 1990. Preparation of extracts from plants. Methods
Enzymol 182:174-193.

Grasby JA, Connolly BA. 1992. Stereochemical outcome of the hy-
drolysis reaction catalyzed by the EcoRV restriction endonucle-
ase. Biochemistry 31:7855-7861.

Guerrier-Takada C, Gardiner K, Marsh TL, Pace NR, Altman S. 1983.
The RNA moiety of ribonuclease P is the catalytic subunit of the
enzyme. Cell 35:849-857.

Gupta A, DeBrosse C, Benkovic SJ. 1982. Template-primer-dependent
turnover of (Sp)-dATPaS by T4 DNA polymerase. The stereo-
chemistry of the associated 3’ — 5’- exonuclease. J Biol Chem
257:7689-7692.


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on April 14, 2015 - Published by Cold Spring Harbor Laboratory Press

Chloroplast RNase P catalytic mechanism

Hamblin MR, Cummins JH, Potter BV. 1987. Mung bean (Phaseolus
aureus) nuclease: A mechanistic investigation of the DNA-cleavage
reaction using a dinucleoside phosphorothioate. Biochem J 241:
827-833.

Hamilton MG. 1971. Isodensity equilibrium centrifugation of ribo-
somal particles: The calculation of the protein content of ribo-
somes and other ribonucleoproteins from buoyant density
measurements. Methods Enzymol 20:512-521.

Hardt W-D, Schlegl J, Erdmann VA, Hartmann RK. 1993. Gel retar-
dation analysis of E. coliM1 RNA-tRNA complexes. Nucleic Acids
Res 21:3521-3527.

Harris ME, Pace NR. 1995. Identification of phosphates involved in
catalysis by the ribozyme RNase P RNA. RNA 1:210-218.

Herschlag D, Piccirilli JA, Cech TR. 1991. Ribozyme-catalyzed and
non-enzymatic reactions of phosphate esters: Rate effects upon
substitution of sulfur for a non-bridging phosphoryl oxygen atom.
Biochemistry 30:4844—4854.

Koziolkiewicz M, Wojcik M, Kobylanska A, Karwowski B, Rebowska
B, Guga P, Stec WJ. 1997. Stability of stereoregular oligo(nucleo-
side phosphorothioate)s in human plasma: Diastereoselectivity
of plasma 3’-exonuclease. Antisense Nucleic Acid Drug Dev
7:43-48.

Kurz JC, Niranjanakumari S, Fierke CA. 1998. Protein component of
Bacillus subtilis RNase P specifically enhances the affinity for
precursor tRNA. Biochemistry 37:2393-2400.

Li X. 1992. Precursor tRNA recognition by a novel chloroplast RNase
P. Dissertation. Lawrence, Kansas: The University of Kansas.
McClain WH, Guerrier-Takada C, Altman S. 1987. Model substrates

for an RNA enzyme. Science 238:527-530.

Mizuuchi K, Nobbs TJ, Halford SE, Adzuma K, Qin J. 1999. A new
method for determining the stereochemistry of DNA cleavage
reactions: Application to the Sfil and Hpall restriction endo-
nucleases and to the MuA transposase. Biochemistry 38:4640—
4648.

Nicholson AW, Niebling KR, McOsker PL, Robertson HD. 1988.
Accurate in vitro cleavage by RNase Il of phosphorothioate-
substituted RNA processing signals in bacteriophage T7 early
mRNA. Nucleic Acids Res 16:1577-1591.

Oommen A. 1991. Characterization of transfer RNA processing en-
zymes from wheat embryo. Dissertation. Lawrence, Kansas: The
University of Kansas.

Pace NR, Brown JW. 1995. Evolutionary perspective on the structure
and function of Ribonuclease P, a ribozyme. J Bact 177:1919—
1928.

Pecoraro VL, Hermes JD, Cleland WW. 1984. Stability constants of
Mg?" and Cd?" complexes of adenine nucleotides and thionucle-
otides and rate constants for formation and dissociation of MgATP
and MgADP. Biochemistry 23:5262-5271.

Peebles CL, Periman PS, Mecklenberg KL, Petrillo ML, Tabor JH,
Jarrell KA, Cheng HL. 1986. A self-splicing RNA excises a lariat
intron. Cell 44:213-223.

553

Piccirilli JA, Vyle JS, Caruthers MH, Cech TR. 1993. Metal ion catalysis
in the Tetrahymenaribozyme reaction. Nature 361:85—-88.

Potter BV, Connolly BA, Eckstein F. 1983a. Synthesis and configu-
rational analysis of a dinucleoside phosphate isotopically chiral at
phosphorus. Stereochemical course of Penicillium citrum nucle-
ase P1 reaction. Biochemistry 22:1369-1377.

Potter BV, Romaniuk PJ, Eckstein F. 1983b. Stereochemical course
of DNA hydrolysis by nuclease S1. J Biol Chem 258:1758-1760.

Reich C, Olsen GJ, Pace B, Pace NR. 1988. The role of the protein
moiety of ribonuclease P a ribonucleoprotein enzyme. Science
239:178-181.

Sampson JR, Uhlenbeck OC. 1988. Biochemical and physical char-
acterization of an unmodified yeast phenylalanine transfer RNA
transcribed in vitro. Proc Natl Acad Sci USA 85:1033-1037.

Slim G, Gait MJ. 1991. Configurationally defined phosphorothioate-
containing oligoribonucleotides in the study of the mechanism of
cleavage of hammerhead ribozymes. Nucleic Acids Res 19:1183—
1188.

Smith D, Burgin AB, Haas ES, Pace NR. 1992. Influence of metal
ions on the ribonuclease P reaction. J Biol Chem 267:2429-2436.

Smith D, Pace NR. 1993. Multiple metal ions in the ribonuclease P
reaction mechanism. Biochemistry 32:5273-5281.

Spitzer S, Eckstein F. 1988. Inhibition of deoxyribonucleases by phos-
phorothioate groups in oligodeoxyribonucleotides. Nucleic Acids
Res 16:11691-11704.

Stark BC, Kole R, Bowman EJ, Altman S. 1978. Ribonuclease P: An
enzyme with an essential RNA component. Proc Natl Acad Sci
USA 75:3717-3721.

Steitz TA, Steitz JA. 1993. A general two-metal-ion mechanism for
catalytic RNA. Proc Natl Acad Sci USA 90:6498—6502.

Tallsjo A, Kirsebom LA. 1993. Product release is a rate-limiting step
during cleavage by the catalytic RNA subunit of Escherichia coli
RNase P. Nucleic Acids Res 21:51-57.

Thomas BC. 1996. Structural and mechanistic differences between a
protein and an RNA-containing RNase P. Dissertation. Lawrence,
Kansas: The University of Kansas.

Thomas BC, Gao L, Stomp D, Li X, Gegenheimer PA. 1995. Spinach
chloroplast RNase P: A putative protein enzyme. Nucleic Acids
Symp Ser 33:95-98.

Uchiyama Y, lwai S, Ueno Y, Ikehara M, Ohtsuka E. 1994. Role of the
Mg?" ion in the Escherichia coli ribonuclease HI reaction. J Bio-
chem (Tokyo) 116:1322-1329.

Volckaert G, Min Jou W, Fiers W. 1976. Analysis of 3?P-labeled bac-
teriophage MS2 RNA by a mini-fingerprinting procedure. Anal
Biochem 72:433—446.

Wang MJ. 1991. Spinach chloroplast RNase P: Structure, function,
and evolution. Dissertation. Lawrence, Kansas: The University of
Kansas.

Wang MJ, Davis NW, Gegenheimer PA. 1988. Novel mechanisms for
maturation of chloroplast transfer RNA precursors. EMBO J
7:1567-1574.


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on April 14, 2015 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

Chloroplast ribonuclease P does not utilize the ribozyme-type
pre-tRNA cleavage mechanism.

B C Thomas, X Li and P Gegenheimer
RNA 2000 6: 545-553

Email Alerting Receive free email alerts when new articles cite this article - sign up in the box at the top
Service right corner of the article or click here.

Rudi Micheletti uses LNA™ EXIQONMN
GapmeRs to silence cardiac IncRNAs

www.exigon.com,/gapmers

To subscribe to RNA go to:
http://rnajournal.cshlp.org/subscriptions



http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=rna;6/4/545&return_type=article&return_url=http://rnajournal.cshlp.org/content/6/4/545.full.pdf
http://rnajournal.cshlp.org/cgi/adclick/?ad=41176&adclick=true&url=http%3A%2F%2Fwww.exiqon.com%2Fgapmers%3Futm_source%3DCSHL%26utm_medium%3Dbanner%26utm_campaign%3DRNA-2015-02
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

