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The mitochondrion-associated RNase P activity (mtRNase P) was extensively purified from HeLa cells and
shown to reside in particles with a sedimentation constant (~17S) very similar to that of the nuclear enzyme
(nuRNase P). Furthermore, mtRNase P, like nuRNase P, was found to process a mitochondrial tRNASer(Ve™
precursor [ptRNAS"UCNT at the correct site. Treatment with micrococcal nuclease of highly purified
mtRNase P confirmed earlier observations indicating the presence of an essential RNA component. Further-
more, electrophoretic analysis of 3’-end-labeled nucleic acids extracted from the peak of glycerol gradient-
fractionated mtRNase P revealed the presence of a 340-nucleotide RNA component, and the full-length cDNA
of this RNA was found to be identical in sequence to the H1 RNA of nuRNase P. The proportions of the cellular
H1 RNA recovered in the mitochondrial fractions from HeLa cells purified by different treatments were
quantified by Northern blots, corrected on the basis of the yield in the same fractions of four mitochondrial
nucleic acid markers, and shown to be 2 orders of magnitude higher than the proportions of contaminating
nuclear U2 and U3 RNAs. In particular, these experiments revealed that a small fraction of the cell H1 RNA
(of the order of 0.1 to 0.5%), calculated to correspond to ~33 to ~175 intact molecules per cell, is intrinsically
associated with mitochondria and can be removed only by treatments which destroy the integrity of the
organelles. In the same experiments, the use of a probe specific for the RNA component of RNase MRP showed
the presence in mitochondria of 6 to 15 molecules of this RNA per cell. The available evidence indicates that
the levels of mtRNase P detected in HeLa cells should be fully adequate to satisfy the mitochondrial tRNA

synthesis requirements of these cells.

The unique mode of transcription of the mammalian mito-
chondrial DNA in the form of giant polycistronic molecules,
containing tRNA sequences regularly interspersed between
the individual rRNA and mRNA sequences and in most cases
butt-joined to them (39, 42, 43), demands the existence of a
complex RNA-processing apparatus. The tRNA sequences
presumably function as signals for RNA-processing enzymes,
which carry out the endonucleolytic cleavages that eventually
lead to the formation of the mature rRNA, mRNA, and tRNA
species (43). One of these enzymatic activities would be ex-
pected to cut precisely the polycistronic transcripts on the 5’
side of each tRNA sequence and therefore to be analogous to
the RNase P, an RNA-containing enzyme first identified in
Escherichia coli (3), and subsequently found ubiquitously in
prokaryotic and eukaryotic organisms (4). In previous work
from this laboratory, an endoribonuclease which cleaves the
precursor of the E. coli suppressor tRNA™" at the same site as
E. coli RNase P, producing the mature 5’ end of this tRNA,
has been identified. The enzyme was partially purified from
HeLa cell mitochondria (and is henceforth referred to as
mtRNase P) (15). An analogous enzyme activity occurs in
HeLa cell nuclei, and some of it leaks to the cytosol during cell
fractionation (15, 21). This activity will be referred to as
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nuRNase P. Enzymatic activities involved in HeLa cell mito-
chondrial tRNA processing, in particular an RNase P-like ac-
tivity, a 3’-tRNA precursor-processing endonuclease, and an
ATP (CTP)-tRNA-specific nucleotidyltransferase, have been
described and partially characterized by another group (51).
A 5'-tRNA precursor-processing endonuclease with similar
properties to those of the HeLa cell enzyme, as well as a 3'-
tRNA precursor-processing endonuclease, had been previ-
ously reported to occur also in rat liver mitochondria (37).

The HeLa cell mtRNase P identified in this laboratory ex-
hibited sensitivity to micrococcal nuclease (MN) and pronase,
indicating that this enzyme, like the prokaryotic and eukaryotic
counterparts (4), has essential RNA and protein components
(15). These must be encoded in the nucleus, since the functions
of all RNA species and proteins encoded in human mtDNA
have been identified (6). Surprisingly, the second report of a
HeLa cell mitochondrion-associated RNase P activity claimed
that this is MN resistant but contains degraded RNA mole-
cules (51, 52). In the present work, the analysis of the RNA
species associated with an mtRNase P preparation extensively
purified from HeLa cell mitochondria has allowed the identi-
fication of a 340-nucleotide (nt) RNA species identical in se-
quence to the HI RNA component of the HeLa cell nuRNase
P (9). After normalization for the recovery of four different
mitochondrial RNA and DNA markers in HeLa cell mitochon-
dria purified by different treatments, a fraction of the cell H1
RNA corresponding to ~33 to ~175 intact molecules per cell
in variously treated mitochondria has been estimated to be
intrinsically associated with these organelles.
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MATERIALS AND METHODS

Isolation and treatment of mitochondria. A 5,000 X g, mitochondrial fraction
was isolated, as previously described (33), from late-exponential-phase HeLa
cells (5 X 10? to 1 x 10" cells) and extensively washed. The final pellet was
resuspended at 25°C in one-quarter of the volume of packed cells used for
isolation of mitochondria in 0.25 M sucrose—20 mM Tris-HCI (pH 8.0)-0.1 mM
EDTA-1 mM dithiothreitol (DTT)-0.2 mM phenylmethylsulfonyl fluoride
(PMSF) (buffer A) containing 2 mM EGTA and washed twice in the above buffer.
Further treatments were carried out as described below.

(i) D treatment. Digitonin (D), purified as previously described (32), was
added, at 90 pg per mg of mitochondrial protein, to the mitochondrial suspen-
sion, which was then gently stirred on ice for 15 min. The mitoplasts were sedi-
mented at 12,600 X g for 15 min, resuspended in buffer A, and repelleted twice
under the same conditions.

(ii) MN treatment. To the mitochondrial suspension in buffer A, CaCl, was
added to 2 mM and MN was added to 300 U/ml, unless otherwise specified. After
30 min on ice, the MN was inactivated by the addition of 10 mM EGTA to
chelate the available Ca*. The mitochondrial suspension was then diluted with
3 volumes of buffer A containing 2 mM EGTA and centrifuged at 12,600 X g,
for 15 min. The resulting mitochondrial pellet was washed twice in buffer A plus
2 mM EGTA.

(iii) D-plus-MN treatment. The D-treated mitochondria were resuspended in
buffer A and treated with MN as described above.

The final mitochondrial pellet from each of the treatments described above
was resuspended in a suitable volume of 20 mM Tris-HCI (pH 8.0)-10 mM
MgCl,-1 mM EDTA-1 mM DTT-0.2 mM PMSF-10% glycerol (buffer B),
supplemented with 0.25 mM KCI, and stored at —20°C.

Isolation of the postmitochondrial fraction. The supernatant after the initial
pelleting of the crude mitochondrial fraction from ~30 ml of packed cells was
centrifuged for 30 min at 20,000 X g,.,. The supernatant, designated the postmito-
chondrial S20 fraction (pmS20), was carefully decanted; adjusted to 20 mM Tris-HCl
(pH 8.0), 20 mM KCI, 1 mM EDTA, and 20% glycerol; and stored at —70°C.

Purification of mtRNase P and nuRNase P. Each frozen mitochondrial sus-
pension was quickly thawed, placed on ice, and homogenized in an Elvejem-
Potter homogenizer. The nonionic detergent NP-40 was then added to 2% (wt/
vol), and the suspension was rehomogenized and centrifuged for 1 h at 100,000 X
8.y The pellet was resuspended in approximately one-half volume of the first
lysate in buffer B plus 0.25 M KCI, NP-40 was added to 2%, and the suspension
was homogenized and centrifuged as described above. The two supernatants
were combined, diluted with 10 volumes of buffer B, and applied to a 50-ml
DEAE-cellulose column (DE52; Whatman) equilibrated with buffer B contain-
ing 0.2% NP-40 and 20 mM KCI. Following sample application, the column was
sequentially washed with 2 column volumes of buffer C (buffer B plus 0.05%
NP-40) containing 20 mM KCl and 3 column volumes of buffer C containing 0.07
M KCI. The bound material was further eluted with a 600-ml linear gradient of
0.07 to 0.6 M KClI in buffer C. Fractions (6 ml) were collected and assayed for
RNase P activity as described below, with the KCI concentration in the reaction
mixtures varying between ~80 and 125 mM. The active fractions were pooled,
diluted with buffer C to 100 mM KCIl, and then loaded onto a 10-ml DEAE-
Sepharose column equilibrated with buffer C plus 100 mM KCI. The RNase P
activity was eluted, using 60 ml of buffer C plus 0.6 M KClI, in 1-ml fractions.

The active fractions from the DEAE-Sepharose column were combined, dia-
lyzed against buffer C plus 100 mM KCl, and loaded onto a fast performance
liquid chromatography (FPLC) Mono-S column, and RNase P activity was eluted
in 1-ml fractions with a 0.1 to 0.6 M KClI gradient in buffer C. No activity was
detected in a higher-salt (1.0 M KCI) wash. The RNase P activity recovered from
the Mono-S column appeared in both the unbound (US) fractions and bound
(BS) fractions. The active US and BS fractions were pooled separately, adjusted
to 0.1 M KCl, and loaded onto columns equilibrated with buffer C containing 0.1
M KCl, and the bound material on each column was eluted with a 0.1 to 0.6 M
KCl gradient in buffer C. The active fractions derived from the US and BS pools
which were eluted from the Mono-Q columns were pooled (UQ and BQ frac-
tions), and 1-ml portions were overlaid on glycerol gradients (15 to 35%). These
were made in 20 mM Tris-HCl (pH 8.0)-75 mM KCI-5 mM MgCl,-0.1 mM
EDTA-0.25 mM DTT-0.05 M PMSF-0.05% NP-40. The glycerol gradients were
centrifuged on an SW41 rotor at 36,000 rpm (~150,000 X g,,) for 16 h at 5°C and
decelerated without brake. Fractions of 350 to 700 pl were collected from the
bottom and assayed for RNase P activity.

For the purification of the nuRNase P, the frozen pmS20 was thawed and
distributed in 20-ml aliquots, which were then adjusted to 10 mM MgCl, and
0.5% NP-40 and centrifuged for 1 h at 100,000 X g,,. The supernatant (pmS20
$100) was applied directly onto a 50-ml column of DEAE-cellulose equilibrated
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with buffer B plus 0.5% NP-40 and 20 mM KCI. Sequential chromatography
through DEAE-cellulose, DEAE-Sepharose, FPLC Mono-S, and FPLC
Mono-Q columns and centrifugation through a glycerol gradient were carried
out as described above for mtRNase P.

RNA-processing assays. RNase P activity during purification of mtRNase P
and nuRNase P was measured as described previously (15), using a precursor of
E. coli suppressor tRNA™™ (ptRNA™) transcribed in vitro, in the presence of
[«™3?P]CTP, with SP6 RNA polymerase from an artificial gene cloned in the
pGEM-1 vector (Promega).

To test the capacity of mitochondrial precursors to function as substrates for
the mtRNase P and nuRNase P, an artificial mitochondrial tRNASeTUEN) pre.
cursor [ptRNASS(UEN] was cloned in the vector pPGEM.4Z (Promega). For this
purpose, a segment of HeLa cell mtDNA encompassing the whole tRNASer(VEN)
coding sequence assigned in the Cambridge sequence (between positions 7445
and 7516) (5) and a 69-bp stretch upstream of it in the direction of L-strand
transcription (between positions 7517 and 7585) was amplified by PCR. In
particular, for the purpose of cloning this fragment and at the same time creating
a 3'-terminal -CCA (57), a 3’-end 34-nt oligodeoxyribonucleotide, encompass-
ing the 3’-end-proximal 22 nt assigned in the Cambridge sequence to the
tRNASTUEN) with an additional 13 nt at its 3' end containing overlapping
BamHI and BstNI sites (5'GCGC GGAT CCTGG3'), and a 5’-end 33-nt oli-
godeoxyribonucleotide, encompassing the 25-nt mtDNA segment between posi-
tions 7561 and 7585 with an additional 10 nt at its 5’ end containing an EcoRI site
(5" ATCG GAATTC 3'), were used as primers. The amplified PCR product was
digested with EcoRI and BamHI and cloned in similarly digested pGEM.4Z. The
sequence of the cloned product was verified by DNA sequencing. The plasmid
was cut with the enzyme BstNI and transcribed with SP6 RNA polymerase in the
presence of [a->?P]CTP or [*S]CTP. The 32P-labeled product, expected to
contain the encoded tRNAS"WCN) (72 nt in length on the basis of the Cam-
bridge sequence [5]), with an added 3'-terminal -CCA (57) and an 81-nt exten-
sion at its 5" end, was purified by electrophoresis in a 5% polyacrylamide-7 M
urea gel and processed with mtRNase P, using the samples of UQ-fractionated
mtRNase P that exhibited activity with ptRNA™" as substrate or glycerol gradi-
ent-fractionated nuRNase P. The reaction products were proteinase K digested,
phenol extracted, ethanol precipitated, and analyzed on a 5% polyacrylamide-7
M urea gel. The UQ fraction which exhibited peak activity and the nuRNase P
were also used for processing a [**S]CTP-labeled ptRNAST(WEN) A portion of
the products of this reaction was analyzed on a gel to verify the processing
reaction, and the remaining portion was utilized for primer extension (63). In
particular, to map the processing site, primer extension was carried out on the
SP6 transcript processed by mtRNase P or nuRNase P, using reverse transcrip-
tase (Stratagene) and Ser-oligo 1 (L-strand 5’ [7445] — 3’ [7468]) and Ser-oligo
2 (L-strand 5" [7465] — 3' [7488]) as primers.

Nucleic acid extraction. For total nucleic acid extraction, whole cells or the
mitochondrial fractions were treated at 37°C for 1 h with proteinase K (350
pg/ml) in a buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 5 mM
EDTA, and 0.5% sodium dodecyl sulfate (SDS). The samples were then ex-
tracted three times with phenol-chloroform-isoamyl alcohol (25:24:1), and the
nucleic acids were precipitated twice with ethanol. Total RNA was isolated by
the acid guanidinium thiocyanate-phenol-chloroform extraction method (12).

RNA analysis. The electrophoretic properties of the RNA components asso-
ciated with glycerol gradient-purified mtRNase P and nuRNase P were analyzed
by labeling the RNA with [**P]pCp and RNA ligase (17) and fractionating it on
a 5% polyacrylamide-7 M urea gel. For RNA-sequencing analysis, individual
components were eluted from the gel, phenol-chloroform extracted, and sub-
jected to digestion with different RNases (RNase A [C+U specific], RNase T, [G
specific], RNase PhyM [A+U specific], and RNase CL3 [C specific]) under the
conditions recommended by the supplier (Bethesda Research Laboratories), and
the products of digestion were resolved by electrophoresis on a 5% polyacryl-
amide—7 M urea sequencing gel.

RNA transfer hybridization analysis to detect mtRNase P, MRP RNase, and
U2 and U3 RNAs was carried out using complementary oligodeoxyribonucle-
otides labeled at their 5" ends with [y->*P]ATP and polynucleotide kinase (Pro-
mega). The RNAs were resolved on 5% polyacrylamide-7 M urea gels, electro-
transferred to nylon membranes (Immobilon-N; Millipore Corp., Bedford,
Mass.), and then fixed to the membrane by baking the filters at 80°C under
vacuum for 90 min. Prior to prehybridization, the filters were washed for 1 h at
50°C with 0.1X SSPE (1X SSPE is 180 mM NaCl, 10 mM NaH,PO,, and 1 mM
EDTA [pH 7.7]) containing 0.2% SDS. Prehybridization was carried out at 50°C
for 4 h in 5X SSPE-5X Denhardt’s solution (1X Denhardt’s solution is 0.02%
Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin) containing
150 pg of denatured salmon sperm DNA per ml and 0.2% SDS. Hybridization
was initiated by adding the *?P-labeled specific oligodeoxyribonucleotide at
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~5 X 10° cpm/ml. After 16 to 18 h at 50°C, the filters were sequentially washed
at 50°C for 30 min each with 5X, 2, and 0.4X SSPE containing 0.2% SDS. The
following oligodeoxyribonucleotides were used: 5'-CCTTCCCAAGGGACATG
GGAGTGGAGTG-3" (H1 RNA-specific probe)(9), 5'-GTAACTAGAGGGA
GCTGACGGATGACGCCCCCG-3" (MRP RNA-specific probe) (22), 5'-GA
GTGGACGGAGCAAGCTCCTATTCCATCTCC-3' (U2 RNA-specific probe)
(49), and CGCTACCTCTCTTCCTCGTGGTTTTCGGTGCTCTACA (U3
RNA-specific probe) (49).

Hybridization with the probes listed above was carried out either simulta-
neously with more than one probe or sequentially, after stripping the blot, as
specified in the text and legend to Fig. 6. Stripping of the blot was performed by
incubating it at 70°C for 2 h in 50 ml of 0.1X SSPE containing 0.2% SDS, with
a change of buffer after the first hour.

To provide a marker for quantification of the total cell- or mitochondrion-
associated H1 RNA, plasmid NuH1, containing the complete nuH1 cDNA se-
quence in the vector pGEM.4Z (9), was digested with EcoRI and BamHI, and
the insert was purified using Geneclean II (Bio 101, La Jolla, Calif.) and quan-
tified spectrophotometrically. To provide an RNA marker for the same purpose,
NuH1 was cut with EcoRI and transcribed with the T7 RNA polymerase, and the
product was then DNase treated, phenol-chloroform extracted, purified by elec-
trophoresis in a 5% urea—polyacrylamide gel, phenol-chloroform extracted, and
quantified spectrophotometrically.

For RNA transfer hybridization analysis of mitochondrial ND1, 12S, and COII
RNAs, nucleic acids from the various samples were fractionated by electrophore-
sis through formaldehyde—1.2% agarose gels (13) and transferred to nylon mem-
branes under standard conditions, as described previously (55). Prehybridization
of the membranes, previously washed with 0.1 X SSPE-0.2% SDS at 50°C for 1 h,
was carried out for 4 h at 42°C in a solution containing 50% deionized form-
amide, 5X SSPE, 0.5% SDS, and 150 ug of salmon sperm DNA per ml. Specific
probes for 12S rRNA, ND1 mRNA, and COII mRNA were labeled by random
priming (19), using [«*?P]CTP, of plasmids containing a 12S rRNA gene frag-
ment (between positions 764 and 1466) (5) (p12SSf), an ND1 gene fragment
(between positions 3312 and 4121) (pKS2ND1), or a COII gene fragment (be-
tween positions 7441 and 8287) (HCOII-pGEM1-a). These probes were added
at 2 X 10° to 3 X 10° cpm/ml to the prehybridization solution, the solution was
supplemented with dextran sulfate to a final concentration of 10%, and hybrid-
ization was carried out at 42°C for 18 to 20 h. The filters were washed at room
temperature three times with 5X SSPE-0.2% SDS and thereafter sequentially at
65°C for 30 min each with 1X (twice), 0.5X, and 0.2X SSPE containing 0.2%
SDS. In all hybridization experiments described in this section, the intensities of
the bands were quantified using a PhosphorImager (Molecular Dynamics) and
the ImageQuant program.

Southern blot analysis of mitochondrial DNA. Nucleic acids from the various
samples were digested with EcoRV and then with RNase A and resolved by
electrophoresis through a 1% agarose gel in TBE (89 mM Tris-borate [pH 8.3]
[25°C], 2 mM disodium EDTA). Southern transfer onto a nylon membrane was
performed as described previously (55). The filters were UV cross-linked in a
Stratagene UV cross-linker and washed as described above. Prehybridization was
carried out at 65°C for 4 h using a medium containing 5X SSPE, 2X Denhardt’s
solution, 10% dextran sulfate, 150 pg of salmon sperm DNA per ml, and 0.5%
SDS. Hybridization was performed in the same solution containing 1.5 X 10° to
2 X 10° cpm of purified mtDNA from HeLa cells per ml, labeled by random
priming with [a«3?P]CTP. After an 18-h incubation at 65°C, the filters were
washed, and the intensities of the bands were quantified as detailed above for the
ND1, 12S rRNA, and COII blots.

Cloning and sequencing of the cDNA of mtRNase P H1 RNA. The H1 RNA
contained in total RNA extracted from D-plus-MN-treated mitochondria was
reverse transcribed and PCR amplified using two appropriate primers carrying
an EcoRI site or a BamHI site, digested with EcoRI and BamHI, and cloned
directionally in the pPGEM.4Z vector (Promega) cut with EcoRI and BamHI. The
DNA was sequenced completely on both strands from three independent clones
using the Sequenase enzyme system (U.S. Biochemical).

Other assays. The distribution of bovine liver catalase (Sigma) after sedimen-
tation in a glycerol gradient was determined by spectrophotometric analysis at
405 nm (56). Protein was measured with the Coomassie Plus protein assay
reagent, as recommended by the manufacturer (Pierce, Rockford, IlL.).

RESULTS

Purification of the mtRNase P from a D-treated or D-plus-
MN-treated mitochondrial fraction. In the present work, a
HeLa cell mitochondrial fraction isolated by centrifugation at
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5,000 X g,, for 10 min (33), which is enriched in “heavy mito-
chondria,” transcriptionally the most active organelles (61),
was used throughout this study. In our previous work (15), a
crucial step in the purification of mtRNase P was the treatment
of the mitochondrial fraction with a high concentration of MN
to destroy any contaminating nuRNase P activity. In the pres-
ent experiments, the purification procedure was modified by
replacing, or by preceding or following, the MN treatment of
the mitochondrial fraction with D treatment. The latter treat-
ment was aimed at disrupting and partially solubilizing the out-
er mitochondrial membrane, as well as at lysing other mem-
branaceous structures contaminating the mitochondrial fraction,
in particular cytoplasmic vesicles trapping cytosolic compo-
nents and lysosomes, which carry potentially harmful nucle-
ases. The extensive washing of the D-resistant structures was
expected to largely eliminate the soluble nucleases.

In the subsequent purification of the enzyme, after the
DEAE-cellulose chromatography, the previously used octyl-
Sepharose chromatography step, which gave only a low recov-
ery, was replaced by sequential chromatography through a
DEAE-Sepharose column, a Mono-S FPLC column, and a
Mono-Q FPLC column, followed by sedimentation through a
15 to 35% glycerol gradient. The purification scheme and the
detection of the RNase P activity after each step, in a repre-
sentative experiment involving a simple D treatment of the
mitochondrial fraction, are shown in Fig. 1. In these experi-
ments, as a substrate for the RNase P assay, an in vitro-tran-
scribed E. coli ptRNA™" was used (see Materials and Meth-
ods). The RNase P activity eluted from a DEAE-cellulose
column (between 140 and 190 mM KCI) was concentrated by
binding to a DEAE-Sepharose column and elution in a single
step with 0.6 M KCl and then passed through a Mono-S FPLC
column (Fig. 1a). As shown in Fig. 1b, a major portion (~60%)
of the RNase P activity did not bind to the Mono-S column and
was recovered in the flowthrough. The retained portion of the
activity was eluted between 140 and 190 mM KCI. Both the US
and the BS activities were completely retained on a Mono-Q
FPLC column and were eluted as fairly sharp peaks at between
0.35 and 0.4 M KCI. In the fractions flanking the peak of
activity in the BQ fraction and, much less pronounced, in the
UQ fraction, there was evidence of a weak cleavage of the
substrate upstream of the canonical cleavage (Fig. 1b). This
was presumably due to a contaminant activity. When the frac-
tions UQ and BQ were run through 15 to 35% glycerol gradi-
ents, the RNase P activity in both fractions sedimented as a
fairly sharp peak to the same fraction volume (Fig. 1b). In the
purification scheme illustrated above, no RNase P activity on
ptRNA™" was detected in any fractions other than those de-
scribed, and the activities of the U and B fractions were iden-
tical.

Results similar to those shown above were obtained in six
other experiments in which the purification scheme of
mtRNase P involved either D-prepared or D-plus-MN-pre-
pared mitoplasts. The distribution of RNase P activity in a
glycerol gradient, after purification of the enzyme from D-plus-
MN-treated mitochondria by the scheme illustrated in Fig. la
(fraction BQ), is shown in Fig. 2a. The results of an experiment
in which mtRNase P samples from the UQ fractions of D-
treated and D-plus-MN-treated mitochondria were run in a
glycerol gradient, in parallel with bovine liver catalase, are
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FIG. 1. Purification of mtRNase P from HeLa cell mitoplasts. (a) Fractionation scheme. (b) 5'-End processing of in vitro-synthesized tRNA™"
uniformly labeled with [«->P]CTP by 50-pl samples of fractions from Mono-S and Mono-Q chromatography and glycerol gradient centrifugations.
The D-treated mitochondrial fraction from 70 ml of packed HeLa cells was lysed with 2% NP-40, and the S100 supernatant of the lysate was run
through a DEAE-cellulose column. The eluted RNase P activity was concentrated on a DEAE-Sepharose column, and the active fractions from
this fraction were loaded on a Mono-S FPLC column. After collection of the flowthrough and the buffer wash, a 0.1 to 0.6 M KClI gradient was
applied. Fractions 2 to 14, containing unbound activity (US), and fractions 20 to 24, containing bound activity eluted between 0.14 and 0.19 M KCl
(BS), were pooled separately and each loaded onto a Mono-Q FPLC column at 0.1 M KCI. In both cases, activity was eluted as a fairly sharp peak
between 0.35 and 0.4 M CI (UQ and BQ) and fractionated through a 15 to 35% linear glycerol gradient (UG and BG). See Materials and Methods
for details. S, substrate; P, precursor; tRNA,” 5'-end-cleaved tRNA™" precursor; 5'-F, 5’ fragment of precursor cleaved off by RNase P.

shown in Fig. 3. Using a value of 11.2S for the sedimentation
constant of bovine liver catalase (56), a value of ~17S was
calculated for mtRNase P. In a parallel experiment, the same
sedimentation constant was determined for the mtRNase
P derived from the BQ fraction of D-plus-MN-treated mito-
chondria.

An RNA component is associated with highly purified
mtRNase P. Previous work had shown that the HeLa cell
mtRNase P activity, partially purified by sequential DEAE-
cellulose and octyl-Sepharose chromatography, was sensitive
to pretreatment with MN, suggesting the presence of an es-
sential RNA component. In the present work, the enzyme
retained on DEAE-cellulose and the UQ and BQ fractions
were also tested and found to be completely MN sensitive. It
has, however, been reported that in a crude in vitro system
from spinach chloroplasts, the sensitivity of a pre-tRNA 5'-
end-processing activity to MN does not reflect the existence of
an RNA component in the enzyme but rather the capacity of

EGTA-inactivated MN to form a complex with the pre-tRNA
substrate, which thus becomes inaccessible to the enzyme (64).
To test this possibility, a series of assays were carried out on
highly purified mtRNase P as shown in Fig. 1 (fraction UG in
Fig. 1b). In agreement with the previous observations (15),
pretreatment of the enzyme with MN in the presence of Ca®",
but not pretreatment in the absence of Ca®>" or pretreatment
with Ca?* alone, nearly completely inhibited pre-tRNA pro-
cessing activity, as tested in the presence of EGTA. That the
inhibition of RNase P activity was not due to a complex for-
mation between EGTA-inactivated MN and the pre-tRNA
substrate was strongly suggested by an experiment in which
preincubation of the mtRNase P with MN in the presence of
EGTA reduced only slightly (by~20%) tRNA-processing ac-
tivity during the subsequent exposure of the RNase P to the
substrate (data not shown). This small decrease in RNase P
activity in the last experiment may be due to the presence in
the mtRNase P preparation of a contaminating protease or
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preparation following the scheme of Fig la. (a) Enzyme activity dis-
tribution after glycerol gradient centrifugation of the BQ fraction. (b)
RNA species isolated by proteinase K digestion, phenol extraction,
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polyacrylamide-7 M urea gel. M, Mspl-digested and 3’-end-labeled
pBR322 DNA marker; other symbols as in Fig. 1. The asterisks indi-
cate the 340-and ~155-nt RNA species.
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nuclease. Similar results were obtained when the mtRNase P
from the BG fraction was analyzed.

To investigate the nature of the RNA species associated with
the mtRNase P, the two glycerol gradient fractions corre-
sponding to the peak of RNase P activity of the BQ fraction
(Fig. 2a) and one fraction on each side of the peak were
individually dialyzed. Their components were ethanol precip-
itated in the presence of 20 ng of mussel glycogen, proteinase
K treated, and phenol extracted, and the RNA was then 3’-end
-labeled with [**P]pCp and T4 RNA ligase (17) and fraction-
ated by electrophoresis in a 5% polyacrylamide—7 M urea gel.
As shown in Fig. 2b, the labeled RNA extracted from the two
fractions corresponding to the peak of RNase P activity exhib-
ited a band with the mobility expected for a species of ~340 nt
and a band of similar abundance corresponding to a size of
~155 nt. Some higher-molecular-weight components in the
same fractions presumably resulted from ligation of the
smaller components, as strongly suggested by their comigration
with the ~340-nt and ~155-nt species. In addition, there was
labeling of RNA species of 120 to 125 nt, which were, however,
also present in the side fractions that did not exhibit any RNase
P activity. The 340-nt RNA species corresponded in size to the
H1 RNA species, which is associated with the nuRNase P (9).
Furthermore, it seemed possible that the ~155-nt RNA spe-
cies corresponded to the 170-nt RNA species H2a, previously
found to copurify with the H1 RNA and to represent the
3’-end half of this RNA resulting from its breakdown (9).

After glycerol gradient centrifugation of the UQ fraction,
the RNA from the active fractions, labeled with [**P]pCp and
T4 RNA ligase, exhibited a very similar electrophoretic pattern
to that of the BQ fraction RNA (data not shown).

Purification of nuRNase P. To investigate how the nuRNase
P behaved during the various steps of the purification proce-
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FIG. 3. Sedimentation properties of mtRNase P. Two equal samples (1 ml) of the UQ fraction from D-treated mitochondria (m) and two equal
samples (1 ml) of the UQ fraction from D-plus-MN-treated mitochondria (CT) were run in parallel with two samples of bovine liver catalase (1 ml
of a 1-mg/ml solution) through 15 to 35% glycerol gradients. After the enzyme activity in the individual fractions of the mtRNase P gradients and
the absorbance at 405 nm (Abs,s) of the fractions of the catalase gradients were determined, the combined values of the activities of the two
mtRNase P samples derived from D-treated mitochondria and of the two samples derived from D-plus-MN-treated mitochondria and the values
of absorbance of the two catalase samples were plotted against migration.
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FIG. 4. Purification of the nuRNase P and analysis of the RNA associated with it. (a) The postmitochondrial S20 fraction (pmS20) from 30 ml
of packed HeLa cells was processed for RNase P purification as previously described (15) and chromatographed sequentially through DEAE-
cellulose, DEAE-Sepharose, and Mono-S FPLC columns, as described in Materials and Methods. The Mono-S fractions containing unbound
RNase P activity were pooled and run through a Mono-Q FPLC column, and the activity eluted between 0.35 and 0.41 M KCl (UQ) was
fractionated through a 15 to 30% glycerol gradient (UG). (b) RNA was extracted from individual glycerol gradient fractions exhibiting RNase P
activity, 3'-end labeled with [**P]pCp and RNA ligase, and run through a 5% polyacrylamide-7 M urea gel. M, Mspl-digested and 3'-end-labeled
pBR322 DNA marker; other symbols as in Fig. 1. The asterisks indicate the 340- and ~ 160-nt species.

dure used for mtRNase P, the same procedure was used for its
isolation. As shown in Fig. 4a, the nuRNase P activity present
in the postmitochondrial supernatant (pmS20), and separated
by DEAE-cellulose and DEAE-Sepharose chromatography,
was eluted from a Mono-S FPLC column similarly to the
mtRNase P activity and was largely (~55%) recovered in the
flowthrough of the column (fraction US); a minor part was
retained and eluted between 0.13 M and 0.19 M KClI (fraction
BS). Both the US and BS activities were retained on a Mono-Q
FPLC column and were eluted between 0.35 and 0.4 M KCI,
as was the mtRNase P activity. When the UQ fraction of
nuRNase P was run in a 15 to 35% glycerol gradient, it sedi-
mented similarly to its mitochondrial counterpart (Fig. 4a). A
sedimentation constant of ~16S was estimated in a glycerol
gradient centrifugation run using catalase as a sedimentation
marker (data not shown). Figure 4b shows the analysis in a 5%
polyacrylamide-7 M urea gel of the RNA components ex-
tracted from the two individual glycerol gradient fractions cor-
responding to the peak of RNase P activity and from one
fraction on each side and labeled with [>?P]pCp and T4 RNA
ligase. The two fractions of the peak of RNase P activity
showed a strong band corresponding to a 340-nt RNA species
and a weak band corresponding to a ~160-nt RNA species,
representing, respectively, the H1 RNA and its 3'-end half H2a
(Fig. 4b). Also present was an RNA component of ~125 nt,
whose distribution in the gradient, however, did not correlate
with the nuRNase P activity.

The RNA component of mtRNase P is identical in sequence
to that of nuRNase P. The size correspondence between the

340- and 155-nt RNA species identified in the mtRNase P and
the equivalent species detected in the nuRNase P strongly
pointed to their being sequence related. To obtain direct se-
quencing information on these RNA components, an RNA-
sequencing analysis was carried out on a 3" end-proximal 20-nt
segment of these RNA species, using RNases A, T1, PhyM,
and CL3. This analysis revealed that the two RNA species
isolated from mtRNase P were closely related or identical in
sequence to the RNA species (340 and 160 nt) isolated from
the nuRNase P (data not shown), confirming their correspon-
dence to the H1 and H2a RNAs of the nuclear enzyme, as
suggested above. Definitive evidence for the identity of the
RNA components of the mtRNase P and nuRNase P was
provided by the cloning and sequencing of the cDNA of the
340-nt RNA from the mitochondrial enzyme. The two se-
quences turned out to be identical (data not shown).

Correct processing activity of the mtRNase P and the
nuRNase P on a mitochondrial ptRNAS*" V™ with an added
3’-terminal -CCA. In the work described so far, the activities of
mtRNase P and nuRNase P were tested on E. coli ptRNAT",
To investigate the capacity of the two enzymes to act on a
mitochondrial substrate, an artificial ptRNAS" (V<™ consist-
ing of the complete mtDNA-encoded tRNA sequence (72 nt)
with an added -CCA at its 3’ end and an 81-nt stretch at its 5’
end (see Materials and Methods), was used as a substrate. The
results are shown in Fig. 5.

The Mono-Q-fractionated US fraction from D-plus-MN-
treated mitochondria had a clear processing activity on E. coli
ptRNA™" labeled with [«?P]CTP and also had a processing
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FIG. 5. Processing of ptRNAS"W™ with an added 3'-terminal -CCA by mtRNase P and nuRNase P. (a) Processing activity on [**P]CTP-
labeled E. coli ptRNA™" and HeLa mt-ptRNAS "N of samples of the UQ fraction of mtRNase P from D-plus-MN-treated mitochondria and
of a sample of glycerol gradient-fractionated nuRNase P. (b) The products of similar processing reactions carried out on [**S]CTP-labeled
PtRNASTUEN were subjected to primer extension using reverse transcriptase and Ser-oligo 1 and Ser-oligo 2 as primers and [a->*P]dCTP as the
labeled nucleotide. Therefore, the primer extension products are *?P labeled and the 5’ fragments (5'-F) are *S labeled. Sequencing reactions to
generate the tRNAST(UN sequence were carried out with the Sequenase kit, using the ptRNAS "™ _carrying pGEM.4Z plasmid as a template
and the two oligodeoxynucleotides mentioned above as primers. S, substrate; P, products.

activity on the mitochondrial ptRNAS" YN (Fig, 5a). In the
latter case, as expected, two fragments of slightly different sizes
were produced, with the faster-moving one being significantly
more strongly labeled than the slower-moving one. A similar
processing activity was detected on ptRNAS VN when the
glycerol gradient-purified nuRNase P was tested (Fig. 5a). The
slower-and faster-moving bands presumably represented the
5'-end stretch of the precursor and the mature tRNASe" (V<N
with the difference in labeling between the two fragments being
accounted for by the difference in the number of C residues
between the two fragments (9 and 24 residues in the 5" and 3’
fragments, respectively). This interpretation was fully con-
firmed by the reverse transcriptase primer extension of the
processing products obtained from in vitro-transcribed [*>S]
CTP-labeled ptRNAS(VEN and by the parallel sequencing of
the ptRNAS"(UCN) gene carried out using, in both reactions,
two different oligodeoxynucleotides as primers (Fig. 5b). Sur-
prisingly, however, this analysis revealed that the cleavage of
the precursor, rather than occurring 5’ to the U residue at
position 7516, as expected from the Cambridge sequence, oc-
curred 2 nt downstream, i.e., 5’ to the G residue at position
7514 [Fig. 5b; notice that the sequences shown in the figure are
complementary to the tRNAS" (V™ sequence]. However, this
result is in full agreement with recent sequencing data on

mitochondrial tRNAS"V™ from bovine (65) and human
(23) sources, which have shown that the original interpretation
of the Cambridge sequence was incorrect. Therefore, these
experiments demonstrated clearly that both the mtRNase P
and the nuRNase P recognized correctly the expected 5'-end-
processing site of the mitochondrial tRNAS" V™ precursor.

Yield of H1 RNA and MRP RNA from variously treated
mitochondrial fractions. The evidence presented in the previ-
ous sections, which indicated the identities of the RNA com-
ponents of the mtRNase P and nuRNase P and the close
similarity in sedimentation and enzymatic properties of the two
types of ribonucleoprotein particles, raised the question of
whether and to what extent the RNase P detected in the mi-
tochondrial fraction reflected contamination of this fraction by
nuRNase P. As a preliminary approach to this question, the
effect of the various treatments used in the present work to
purify mitochondria on the yield of HI RNA from these or-
ganelles was investigated by RNA transfer hybridization ex-
periments using specific oligodeoxynucleotide probes. To re-
duce the tendency of the 340-nt H1 RNA to be degraded to
two halves during the lengthy procedure involving sequential
DEAE-cellulose, DEAE-Sepharose, Mono-S, and Mono-Q
chromatography and glycerol gradient fractionation, the RNA
extracted from variously treated mitochondria was used di-
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rectly for the transfer experiments. Indeed, under these con-
ditions, the previously observed amount of the 155- to 160-nt
component (Fig. 2b and 4) was drastically decreased (data not
shown). In the same experiments, the recovery from the vari-
ously treated mitochondrial fractions of the 7.2/MRP RNA, a
260-nt RNA evolutionarily related to H1 RNA (20), was also
analyzed using the corresponding specific probe. MRP RNA is
a component of ribonucleoprotein particles mainly associated
with the nucleolus (11, 30), but it has also been reported to
occur in mitochondria (11, 34, 62).

Figure 6a shows the results of a blot hybridization analysis of
total nucleic acids extracted from the washed mitochondrial
fraction or from the same fraction treated with D, MN, or D
followed by MN; transferred to nylon membranes; and hybrid-
ized simultaneously with an Hl RNA- and an MRP RNA-
specific oligodeoxynucleotide, as described in Materials and
Methods. The chosen oligodeoxynucleotide probes correspond-
ed to sequences outside the regions of sequence similarity
between H1 RNA and MRP RNA (22). Furthermore, control
experiments failed to reveal any cross-hybridization between
either of the two probes and the nonhomologous RNA species
(data not shown). In the present work, total nucleic acids
extracted from the various fractions were used for RNA trans-
fer experiments; however, in the polyacrylamide gel electro-
phoresis system utilized for analysis, the DNA would not pen-
etrate into the gel and only small RNA species would be
separated.

It appears from Fig. 6a that equivalent amounts of nucleic
acids from the untreated and MN-treated mitochondrial frac-
tions gave hybridization signals of the 340-nt band of similar
intensities when the H1 RNA-specific probe was used. In con-
trast, the nucleic acids from the D-treated and the D-plus-
MN-treated fractions showed somewhat reduced and more
markedly decreased hybridization, respectively, of the 340-nt
band with the same probe. In striking contrast, the MRP RNA-
specific probe produced a much stronger signal of the expected
260-nt band with the nucleic acids from the untreated or D-
treated mitochondrial fraction than the signal obtained with
the nucleic acids from the MN-treated fraction or, even more
so, than the signal obtained with the nucleic acids from the
D-plus-MN-treated mitochondrial fraction. In other experi-
ments, D treatment of the mitochondrial fraction following the
MN treatment or treatment of the same fraction with 15 mM
EDTA prior to the MN treatment (300 or 600 U/ml) did not
reduce to any significant extent the signal obtained with the H1
RNA or the MRP RNA probe, compared to that obtained with
the simple MN treatment (300 U/ml) (data not shown).

In the experiment shown in Fig. 6a, the signal obtained by
the hybridization of the specific probe with total-cell HI RNA
was compared with that produced by the same probe with
known amounts of the H1 cDNA. This allowed a quantification
of the total H1 RNA content per cell. In several experiments,
after a small correction for the somewhat higher efficiency (by
~6%) of formation of RNA-DNA hybrids than of DNA-DNA
hybrids (see Materials and Methods), an average value of
54,400 = 2,100 molecules per cell was obtained (Table 1).

Recovery of mitochondrial markers in the variously treated
mitochondrial fractions. To determine the fraction of the orig-
inal mitochondria recovered in the washed mitochondrial frac-
tion analyzed, as well as to establish the effects on the or-
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ganelles of the various treatments subsequently used for their
purification, the yield of known mitochondrial markers in the
variously treated mitochondrial fractions was determined by
carrying out RNA or DNA transfer hybridization experiments
with appropriate probes, measuring the signals produced by
these probes by PhosphorImager analysis, and normalizing the
results per milliliter of packed cells. Mitochondrial DNA, 12S
rRNA, ND1 mRNA, and COII mRNA were chosen as nucleic
acid markers.

As shown in Table 2, the recovery of total-cell mitochondrial
DNA, ND1 mRNA, and COIl mRNA in the washed mito-
chondrial fraction ranged between 19 and ~24%, reflecting
mostly the moderate degree of cell breakage chosen for cell
homogenization and the selective centrifugation conditions.
The recovery of 12S rRNA, in a single experiment, was con-
siderably lower (7.5%), for unknown reasons. MN treatment of
the washed mitochondrial fraction decreased the yield of 12S
rRNA, ND1 mRNA, and COIl mRNA by 46 to 61%, while
that of mitochondrial DNA was decreased by only 26%. Dig-
itonin treatment of the washed mitochondrial fraction de-
creased the recovery of all four mitochondrial nucleic acid
markers by a smaller factor (16 to 30%). In contrast, a greater
decrease in the yields of the four nucleic acid markers (58 to
67%) was observed after D-plus-MN treatment of the washed
mitochondria, presumably reflecting a more extensive attack of
the markers by MN in organelles damaged by the D treatment.

Contamination of the variously treated mitochondrial frac-
tions by U2 and U3 small nuclear RNAs. To determine to what
extent residual nuclear and cytosolic contamination contrib-
uted to the RNase P activity found in the variously treated
mitochondrial fractions from HeLa cells, the quantitative be-
havior in the same fractions and in whole cells of the nuclear
U2 RNA- or U3 RNA-containing particles was investigated by
RNA transfer hybridization experiments using specific probes.
From Fig. 6b it appears that there was an appreciable contam-
ination of both the extensively washed and the D-treated mi-
tochondrial fractions by U2 RNA and U3 RNA, whereas treat-
ment of the mitochondrial fraction with MN and, especially,
with D plus MN almost completely eliminated this contamina-
tion. The data obtained by PhosphorImager analysis of the
signals in the experiments for Fig. 6b were normalized to the
total nucleic acid content in the cells or in each mitochondrial
fraction, expressed per milliliter of packed cells (=1.5 X 10®
cells). The data for the mitochondrial samples were further
corrected for the average yield of the four different mitochon-
drial nucleic acid markers in the washed mitochondrial fraction
(17.9%; Table 2), taken as an indicator of the recovery of
mitochondria, which reflected mainly the extent of cell break-
age.

It appears from Table 1 that ~98 and 99% of the U2 RNA-
and U3 RNA-containing particles, respectively, were sensitive
to MN treatment of the mitochondrial fraction, indicating that
very few of these particles were trapped inside cytoplasmic
vesicles during cell homogenization. Both types of particles
were ~99.9% sensitive to D-plus-MN treatment. On the other
hand, a large fraction of the U2 RNA- or U3 RNA-containing
particles (~36 and ~71%, respectively) was not removed by D
treatment of the mitochondrial fraction, suggesting their asso-
ciation with contaminating nucleus-derived structures.
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FIG. 6. Quantification, by transfer hybridization analysis, of H1
RNA, MRP RNA, U2 RNA, U3 RNA, mitochondrial DNA, 12S
rRNA, ND1 mRNA, and COIl mRNA in whole HeLa cells and var-
iously treated mitochondrial fractions. A mitochondrial fraction was
prepared from 44 ml of packed HeLa cells and subjected to various
treatments, as described in Materials and Methods. (a and b) The
indicated amounts of nucleic acids from total HeLa cells and from
washed (C) or MN-, D-, or D-plus-MN-treated mitochondrial (Mit.)
fractions and 1 or 5 ng of H1 cDNA (NuH1) digested with EcoRI and
BamHI were run on a 5% polyacrylamide-7 M urea gel, electrotrans-
ferred to a nylon membrane, and hybridized simultaneously with y->*P-
labeled oligodeoxynucleotide probes specific for HI RNA and MRP
RNA (a). After appropriate exposure and quantification of the bands
by Phosphorlmager analysis, the blot was stripped and rehybridized
sequentially with y->?P-labeled oligodeoxynucleotides specific for U3
and U2 RNA (b). In other experiments, the hybridization with the U3
and U2 RNA probes was carried out on independent blots, with similar
results. (¢) The indicated amounts of nucleic acids from total-cell (T)
or from washed (C) or MN-, D-, or D-plus-MN-treated mitochondrial
fractions (Mit. fr.) were digested with RNase A and with EcoRV,
fractionated on a 1% agarose gel, transferred to a nylon membrane,
and hybridized with HeLa cell mitochondrial DNA 2P labeled by
random priming. (d to f) The indicated amounts of total nucleic acids
from total cells or variously treated mitochondrial fractions (Mit. fr.)
were fractionated on formaldehyde—1.2% agarose gels, transferred to
nylon membranes, and hybridized with *?P-labeled probes specific for
COII (HCOII-pGEM1-a) (d), 12S rRNA (p12ssf) (e), or ND1 mRNA
(pKS2ND1) (f). M, Hinfl-digested and 3'-end-labeled pBR322 mark-
er; RNA 19, processing intermediate of heavy-strand transcripts con-
taining sequences of 16S rRNA, tRNA™"(VYR) and ND1 mRNA (58).
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In vivo content of HI RNA and MRP RNA in HeLa cell
mitochondria. To estimate the amounts per cell of H1 and
MRP RNAs associated with the variously treated mitochon-
drial fractions, the yields of the two RNAs in the above frac-
tions were determined by PhosphorImager analysis of the sig-
nals in the experiments shown in Fig. 6a and by normalization
of the results to the amount of total nucleic acids recovered in
those fractions per milliliter of packed cells. Furthermore, the
normalized H1 and MRP RNA data from the experiments
shown in Fig. 6a were also corrected for the average yield of
the four chosen mitochondrial markers in the washed mito-
chondrial fraction (17.9%; Table 2). From these corrected
values, the numbers of H1 and MRP RNA molecules in each
of the variously treated mitochondrial fractions were calcu-
lated from the total HI RNA or MRP RNA hybridization
signal in this fraction, relative to that obtained in whole cells,
on the basis of a total content of 54,400 H1 RNA molecules per
cell (this work) and 30,000 7-2/MRP RNA molecules per cell
(31).

It appears from Table 1 that ~33% of the H1 RNA associ-
ated with the washed mitochondrial fraction was resistant to
MN treatment of this fraction and that a similar proportion
(~28%) was resistant to D treatment of the fraction. Treat-
ment of the mitochondrial fraction with D followed by MN
caused a much greater decrease in the content of H1 RNA in
this fraction. This decrease most probably reflected an action
of MN on H1 RNA associated with organelles damaged by D,
as strongly suggested by the marked reduction (63%) in the
amounts of mitochondrial nucleic acids. In view of the sub-
stantial effects of the various treatments of the washed mito-
chondrial fraction on the yields of the four chosen mitochon-
drial markers (Table 2), it was deemed appropriate to correct
further the values for H1 RNA in the differently treated frac-
tions for the incomplete recovery of the mitochondrial mark-
ers. The corrected values, shown in Table 1, indicated that the
number of molecules between a minimum of ~33 molecules
(D-plus-MN resistant) and a maximum of ~175 molecules
(MN resistant) of HI RNA per cell was intrinsically associated
with HeLa cell mitochondria.

In comparison with the results obtained for H1 RNA, a
much lower proportion (~5%) of the MRP RNA associated
with the washed mitochondrial fraction was found to be resis-
tant to MN treatment and a higher proportion (~51%) was
resistant to D treatment (Table 1). These results pointed to the
occurrence in the D-treated fraction of a major portion of
extramitochondrial MRP RNA, presumably associated with
nucleolus-derived structures: this would be consistent with the
main nucleolar localization of the MRP RNA-containing par-
ticles (34, 35). The yields of MRP RNA in the MN-treated and
the D-plus-MN-treated mitochondrial fractions, after correc-
tion for the incomplete recovery of the mitochondrial nucleic
acid markers, indicated that an amount of MRP RNA between
a minimum of 6 molecules and a maximum of 15 molecules per
cell was associated with HeLa cell mitochondria (Table 1).

DISCUSSION

In the present work, a variety of cell fractionation, biochem-
ical, and molecular approaches have led to the extensive puri-
fication and partial characterization of mtRNase P from HeLa
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TABLE 1. Recovery of HI RNA, MRP RNA, U2 RNA, and U3 RNA in variously treated mitochondrial fractions

Amt (molecules/per cell) of RNA species (%)“

Sample
U2 U3 H1 MRP

500,000 200,000 30,000

Whole cells
Mitochondrial fraction

54,400 = 2,100¢

Washed 12,960 + 890 (100%) 5,740 + 590 (100%) 288 + 32 (100%) 176 + 26 (100%)
MN treated 257 = 67 (1.98%) 67 £22(1.16%) 96 * 10 (33.3%), 174 = 19 (60.2%) 8 = 2 (4.5%), 14.5 £ 4 (8.2%)
D treated 4,640 + 210 (35.8%) 4,050 + 88 (70.6%) 82 + 12 (28.3%), 107 = 17 (37.0%) 90 + 18 (51.1%)

D plus MN treated 11.7 = 0.6 (0.09%) 6.7 % 0.6 (0.12%) 12 = 2 (4.0%), 33 = 6 (11.0%) 23 0.8 (1.3%), (6.1 = 2.3 (3.5%)

“ The values represent the means (£2 standard errors of the mean) of nine, six, two, and three independent gel determinations (from two, two, two, and one prep-
aration, respectively) for H1, MRP, U2, and U3 RNAs. The data for whole cells and the variously treated mitochondrial fractions were normalized to the total nucleic
acids recovered from each fraction per milliliter of packed cells. The data for the average number of molecules per cell of HI RNA, MRP RNA, U2 RNA, and U3
RNA for the variously treated mitochondrial fractions were determined from the yield of the RNA in each fraction relative to the whole-cell content and corrected
for the average recovery of the mitochondrial nucleic acid markers in the washed mitochondrial fraction (17.9% [see Table 2]). The data for the average number of H1
RNA molecules per cell in the variously treated washed mitochondrial fractions and those for the average number of MRP RNA molecules per cell in the MN-treated
and the D-plus-MN-treated mitochondrial fractions were also corrected for the average recovery of the mitochondrial nucleic acid markers in each fraction relative to
the washed mitochondrial fraction (bold numbers). The percentages of the content of each RNA species in the washed mitochondrial fraction which are found to be
associated, after the normalization and correction mentioned above, with the MN-, D-, or D-plus-MN-treated mitochondrial fractions are shown in parentheses.

® From reference 31.

¢ Mean (2 standard errors of the mean) of determinations made by comparison of the HI RNA signal obtained for the whole-cell sample, normalized to total nucleic
acids recovered per milliliter of packed cells (=1.5 X 10® cells), with the signal obtained for known amounts of H1 cDNA using the same H1 RNA probe, after a small

correction (~6%) for the difference in efficiency of the formation of RNA-DNA hybrids and DNA-DNA hybrids. See the text for details.

cells and to the identification and cloning of an RNA compo-
nent which is essential for its activity and its quantification.

Characterization of the mtRNase P. The ribonucleoprotein
particles with mtRNase P activity purified in the present work
have been found to sediment in a glycerol gradient with a sed-
imentation constant of ~17S. A similar value (~16S) was found
for nuRNase P, in reasonable agreement with a previous esti-
mate (9). Furthermore, both the mtRNase P and the nuRNase
P were found to process correctly the E. coli ptRNA™" and the
mitochondrial ptRNASer (UM,

At least seven proteins have been found to be associated
with highly purified nuRNase P from human cells (16, 26, 35).
For the mtRNase P, in yeast mitochondria a 105-kDa protein
is a subunit of the enzyme and is required for its activity (14,
40), and its gene has been cloned and sequenced (14). No
information is available about the protein composition of
mammalian mtRNase P. From the close similarity of the sed-
imentation properties determined for the human mtRNase P
and nuRNase P, one can predict that the mitochondrial en-
zyme is, like the nuclear enzyme, richer in protein than are the
homologous bacterial enzymes.

HeLa cell mtRNase P has an essential RNA component iden-
tical in sequence to the nuRNase P H1 RNA. Several lines of
evidence obtained in the present work strongly support the con-
clusion that HeLa cell mtRNase P has an essential RNA com-
ponent with a sequence identical to that of nuRNase P RNA, as
discussed below.

(i) Treatment with MN of highly purified mtRNase P, under
conditions excluding substrate masking by EGTA-inactivated
nuclease, caused an almost complete loss of RNase P activity.

(ii) A comparison of the quantitative behavior of the mito-
chondrion-associated H1 RNA, after different purification
treatments of the organelles, with that of bona fide extramito-
chondrial ribonucleoprotein particles or of intramitochondrial
nucleic acid markers revealed a much closer similarity to the
behavior of the latter. Thus, an extensive treatment of the
washed mitochondrial fraction with MN, which eliminated all
but 1 to 2% of the small nuclear RNAs U2 and U3 originally
contaminating that fraction, caused a loss of Hl RNA from the

mitochondrial fraction (~67%) which was only moderately
higher than the average loss of four mitochondrial nucleic acid
markers (~45%). After correction for the average loss of the
mitochondrial markers from the MN-treated mitochondrial
fraction, it could be calculated that about 60% of the H1 RNA,
corresponding to ~175 molecules per cell, remained associ-
ated with that fraction. Similarly, the much harsher treatment
of the washed mitochondrial fraction with D and MN, which
eliminated all but ~0.1% of the contaminating U2 and U3
RNAs, left in that fraction, after correction for the ~63% loss
of the mitochondrial nucleic acid markers, about 11% of the
H1 RNA originally present: this corresponded to ~33 mole-
cules per cell. It should be noted that the somewhat lower
sensitivity to D-plus-MN treatment of the mitochondrial mark-
ers than that of the H1 RNA may reflect different accessibili-
ties of the different substrates to MN. In fact, the very high
sensitivity to degradation of the HI RNA has been observed in
previous work (9) and was confirmed here. Conversely, the
resistance to RNase attack of the mRNAs associated with
mitochondrial polysomes had been previously reported (44).
The dramatic effects of the D-plus-MN treatment on the re-

TABLE 2. Recovery of mitochondrial nucleic acid markers

Relative amt of RNA species”

Sample Mean
mtDNA 125 rRNA NDI mRNA COIl mRNA Tecovery
Whole cells 100 100 100 100 100
Mitochondrial
fraction
Washed 21.5 75 236 +21 190 =12 17.9
MN treated 16 4 92+ 18 102+ 09 9.9
D treated 18 6 165 =26 145 = 1.0 13.7
D plus MN 9 3 77+ 15 6.7 + 1.1 6.6
treated

“ The data for total cells and the variously treated mitochondrial fractions were
normalized to the total nucleic acids recovered in total cells and in each fraction
per milliliter of packed cells. The values reported represent the results of single
gel determinations for mitochondrial DNA (mtDNA) and 12S rRNA, and the
averages (=2 standard errors of the mean) of five independent determinations
(from two preparations) for ND1 mRNA and COII mRNA.
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TABLE 3. Levels of RNase P RNA and amounts and rates of synthesis of tRNAs in the HeLa cell nucleocytoplasmic
compartment and mitochondria, S. cerevisiae mitochondria, and E. coli

Ratio of RNase P mole-

Cell No. of tRNA Rate of tRNA synthesis No. of RNase P cules/cell to rate of
molecules/cell (molecules/min/cell) molecules/cell {RNA synthesis
HelLa cells 7.7 X 107 8.0 X 10* 54.4 x 10%¢ 0.678
Nucleocytoplasmic compartment
Mitochondria 6 X 10> 630 33-175¢ 0.052-0.28
S. cerevisiae mitochondria 5 X 10* ~4 X 107 40° 0.11
E. coli 3 X 10% 10* 500¢ 0.05

“ From reference 28.
’ From reference 41.

¢ Based on a doubling time of 16 h for HeLa cells (29), 120 min for S. cerevisiae, and 30 min for E. coli.

¢ This work.
¢S. Altman, personal communication.

covery of the mitochondrial nucleic acid markers strongly sug-
gest that the in vivo content of H1 RNA in HeLa cell mito-
chondria may be much closer to the upper estimate (~175
molecules per cell) than to the minimum estimate (~33 mol-
ecules per cell) obtained in the present work.

(iii) A comparison of the number of mtRNase P-associated
H1 RNA molecules per cell estimated in the present work and
of the known amount and rate of synthesis of mitochondrial
tRNA molecules per cell in HeLa cells with the amount of
RNase P RNA molecules and number and rate of synthesis
of tRNA molecules per cell in yeast mitochondria and in E.
coli revealed that even the minimum estimated number of
mtRNase P enzyme molecules per cell should be fully ade-
quate to satisfy the tRNA synthesis requirements of HeLa cell
mitochondria (Table 3). It should be mentioned here that the
average number of mitochondria per HeLa cell has been esti-
mated to vary between ~400 in the early G, phase of the cell
cycle and 500 to 600 in the late S and G, phases (47). Consid-
ering that the major part of mitochondrial DNA transcription
in HeLa cells occurs in the G, phase of the cell cycle (45) and
that ~15% of the cells are in G, phase in exponentially grow-
ing HeLa cells (48), the upper, more reliable estimate of the
number of mtRNase P RNA molecules per cell obtained in the
present work (~175) should exceed the number of mitochon-
dria in the transcriptionally active cells. It may indeed be ad-
equate to secure in these cells an average steady-state number
of 2 or 3 mtRNase P RNPs per 10 to 20 mtDNA molecules,
which are present on average in each HeLa cell mitochondrion
(29).

In recent studies, an RNase P activity different in some
properties from nuRNase P and, in particular, residing in par-
ticles lacking intact H1 RNA but containing degraded RNA
molecules, has been claimed to be associated with HeLa cell
mitochondria (51, 52). However, in that work, the procedure
used for isolation of mitochondria from frozen cells (which
would be expected to yield damaged mitochondria, as well as
damaged lysosomes, which could release a variety of nucleases
and proteases) would not have guaranteed a good recovery of
intact mitochondrial enzyme and contaminating nuRNase P.
Indeed, in the cited work, the finding that the extract of the
original untreated mitochondrial fraction contained enormous
amounts of degradation products of HI RNA (51) indicated a
heavy contamination by damaged nuRNase P. Therefore, it is

a distinct possibility that the decrease in the sedimentation
constant of the “mitochondrial” enzyme of Rossmanith and
Karwan (52), compared to the nuclear enzyme, and the mod-
ification of some substrate specificities of the enzyme (51)
pertained in reality to the contaminating nuclear enzyme that
was damaged in its RNA and possibly in its proteins during the
isolation procedure but still retained at least part of its activity,
as previously observed for Saccharomyces cerevisiae mtRNase
P (52). Furthermore, concerning the reported MN resistance
of the enzyme, there is abundant evidence that this property is
not a reliable indicator of the absence of an essential RNA
component (52). Finally, the lack of any characterization of the
subcellular fractions analyzed in the above studies for contam-
ination by other cellular components and the absence of any
quantification of the H1 RNA and degraded RNA and of the
residual MN-resistant enzymatic activities in the fractions
tested prevent any evaluation of the comparative data re-
ported.

In the present work, all the fractions obtained during the
long procedure used for the purification of mtRNase P were
analyzed. In all of those which exhibited RNase P activity, such
activity was characterized, revealing sedimentation properties,
MN sensitivity, and RNA components identical to those of the
highly purified mtRNase P. This evidence argues strongly
against the possibility of a putative RNA-free mtRNase P (51)
being lost during the fractionation procedure. Furthermore,
the failure of the enzyme described by Rossmanith et al. to
process correctly the E. coli ptRNA™” (51) is in striking con-
trast with the finding in the present work that the mtRNase P
activity, assayed at the earliest stage of purification (i.e., after
binding to DEAE-cellulose) and at subsequent stages, cleaved
this tRNA correctly and in a manner identical to that of
nuRNase P. These results support the interpretation that the
enzyme used in the earlier studies was damaged. Furthermore,
no trace of RNase P activity was ever found to sediment with
a sedimentation constant of 9S, as reported in reference 52.

Occurrence of MRP RNA in HeLa cell mitochondria. The
present work has also demonstrated the presence of MRP
RNA molecules in extensively purified HeLa cell mitochon-
dria. The amount of MRP RNA in the D-plus-MN- and MN-
treated mitochondrial fractions, as estimated after correction
for the average recovery of the four mitochondrial nucleic acid
markers, corresponds to ~6 and 15 molecules per cell, respec-
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tively. These amounts represent a proportion of the RNA
found in the washed mitochondrial fraction which exceeds by
more than an order of magnitude and by a factor of 4 to 6,
respectively, the recovery of U2 RNA and U3 RNA in the
D-plus-MN- and MN-treated mitochondrial fractions.

Although originally recognized as an endonuclease involved
in cleaving in vitro an RNA primer for heavy-strand mtDNA
synthesis (11), the majority of the MRP ribonucleoprotein
particles (RNPs) are generally agreed to occur in the nucleolus
(30, 34, 62), where they play an important role in rRNA pro-
cessing, as demonstrated in S. cerevisiae (35). In particular, the
MRP RNA has been shown (22) to be identical to the previ-
ously identified nucleolar 7-2 RNA (25, 50). In a previous
quantitative study of the level of MRP RNA associated with
mitochondria in HeLa cells, it has been reported that the
amounts of detectable full-length MRP RNA (4 molecules per
cell in MN-treated and 0.4 molecule per cell in D-plus-MN-
treated mitochondria) were too small to attribute a function in
mitochondria to RNase MRP (31). However, in this work, no
correction was made for the recovery of mitochondria in the
original subcellular fractionation and for the losses of intra-
mitochondrial markers due to the drastic D and/or MN treat-
ment of the mitochondrial fraction and the attendant centrif-
ugation steps. In the present study, the detected levels of MRP
RNA, without correction for the yield of mitochondrial mark-
ers in the subcellular fractionation and purification proce-
dure, were similar to those reported by Kiss and Filipowicz
(31). However, when the correction for the losses mentioned
above was applied, the values increased by more than an
order of magnitude (i.e., to 15 and 6 molecules per cell, re-
spectively).

While there are no data about the rate of import of the
RNase MRP into the organelles, its half-life, and the turnover
number of the enzyme in the primer cleavage step, it is rea-
sonable to assume that the small number of heavy-strand syn-
thesis initiation events required in HeLa cells (~8 per min)
could well be produced by 6 to 15 RNase MRP RNPs per
cell. Furthermore, a nonuniform rate of mtDNA replication
throughout the cell cycle would increase the concentration of
MRP RNPs in the cells undergoing mtDNA replication. It has
indeed been shown that the rate of mtDNA replication in
HeLa cells is greatly accelerated in the late S and G, phases of
the cell cycle (46). In addition, if RNase MRP plays a rate-
limiting role in mtDNA synthesis, as has been suggested (62),
it can be anticipated that the partitioning of RNase MRP to
mitochondria may increase in cells with a large amount of
mtDNA and high rate of mtDNA synthesis. Indeed, in a study
of the subcellular partitioning of MRP RNA, carried out by
transfection and in situ hybridization experiments on mouse
cardiomyocytes and mouse C2C12 myogenic cells, which are
actively respiring cells very rich in mitochondria and mtDNA,
evidence was obtained for the preferential location of MRP
RNA in both nucleoli and mitochondria (34).

Nuclear-mitochondrial partitioning of H1 RNA and its pos-
sible regulatory role. The occurrence in mitochondria of nu-
cleus-encoded RNA species has been previously reported, for
tRNAs, in plants (59), Tetrahymena thermophila (53, 54), Leish-
mania (1), Trypanosoma brucei (24), and S. cerevisiae (38), for
MRP RNA, in mouse L cells (11) and mouse cardiomyocytes
and myogenic cells (34), and, more recently, for 5S rRNA, in
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mammalian cells (36). In addition human immunodeficiency
virus RNA has been detected in mitochondria of infected cells
(60). Furthermore, a partitioning between the nuclear-cytosolic
compartment and mitochondria of nucleus-encoded tRNAs
has been previously observed. Thus, it has been shown that
in S. cerevisiae, the nucleus-encoded tRNAMS(CYY) js yn-
equally distributed between the cytosol (95%) and mitochon-
dria (5%) (18). Furthermore, in 7. thermophila, ~10% of the
nucleus-encoded tRNAS™(VYS js imported into mitochon-
dria while the rest functions in the cytosol (53, 54).

The evidence presented here that the very small amount of
mitochondrion-associated H1 RNA in HeLa cells should be
adequate to satisfy the requirements for mitochondrial tRNA
synthesis, without being in excess, suggests the possibility that
the imported RNase P may play a regulatory role, being rate
limiting for mitochondrial tRNA synthesis. Therefore, it is a
reasonable assumption that the import into mitochondria of
mtRNase P is itself a highly regulated process. It should be
noted that the mtDNA light-strand transcripts, which contain
the sequences of eight tRNAs, are synthesized at a rate at least
10 to 15 times higher than required to account for the steady-
state levels of these tRNAs (7). Furthermore, it is known that
these transcripts have a much shorter half-life than the heavy-
strand transcripts and do not accumulate to any significant
extent (2, 10). It is therefore a plausible hypothesis that the
vast majority of these transcripts decay before the occurrence
of any processing, which would lead to a maturation and sta-
bilization of the tRNAs (7). The limiting amount of mtRNase
P may prevent any excess processing of the L-strand tran-
scripts, avoiding the accumulation of a 10- to 20-fold excess of
light-strand-encoded tRNAs over most of the heavy-strand-
encoded tRNAs. This extreme imbalance of tRNAs, from the
evidence available in bacterial systems, would negatively affect
mitochondrial translation (28).

It is known that processing by RNase P of the polycistronic
transcripts on the 5’ side of each tRNA sequence makes the 3’
ends of the upstream mRNA or noncoding sequence available
for polyadenylation (43), a step that would tend to stabilize
them. Therefore, the limiting amount of RNase P would also
prevent an undue stabilization of light-strand transcripts, which
may function as antisense RNAs and thus affect heavy-strand
gene expression. The idea that mtRNase P may be limiting for
tRNA synthesis in mitochondria would also be consistent with
other evidence pointing to a tight control of respiration by
mitochondrial gene expression in mammalian cells. In fact, it
has recently been shown that mitochondrial protein synthesis
in cultured mouse cells is rate limiting for respiration (8).

The mechanism of RNA import into mitochondria is largely
unknown, although some progress is being made in identifying
the RNA sequences and proteins involved in this process (1,
18, 24, 34, 54). In light of the structural and functional simi-
larities between RNase P and MRP RNAs (20) and of their
sharing some protein subunits (27), it is tempting to speculate
that a similar mechanism could be operative for the import of
both RNAs into human mitochondria. This import could be
promoted by a factor(s) binding to the RNA or to a protein(s)
of the complex associated with the RNA and transferring it
into the mitochondrial matrix. It is clear that elucidation of the
mechanism of RNase P and MRP RNase import into mito-
chondria would help in understanding the factors operating in
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the partitioning of the two enzymes between the extramito-
chondrial and the mitochondrial compartments and in the con-
trol of these processes.
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