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ABSTRACT

Proteins encoded by mitochondrial DNA are trans-
lated using mitochondrially encoded tRNAs and
rRNAs. As with nuclear encoded tRNAs, mitochon-
drial tRNAs must be processed to become fully
functional. The mitochondrial form of ribonuclease
P (mt:RNase P) is responsible for 5′-end matura-
tion and is comprised of three proteins; mitochon-
drial RNase P protein (MRPP) 1 and 2 together
with proteinaceous RNase P (PRORP). However, its
mechanism and impact on development is not yet
known. Using homology searches, we have identified
the three proteins composing Drosophila mt:RNase
P: Mulder (PRORP), Scully (MRPP2) and Roswell
(MRPP1). Here, we show that each protein is essen-
tial and localizes with mitochondria. Furthermore, re-
ducing levels of each causes mitochondrial deficits,
which appear to be due at least in part to defective
mitochondrial tRNA processing. Overexpressing two
members of the complex, Mulder and Roswell, is also
lethal, and in the case of Mulder, causes abnormal mi-
tochondrial morphology. These data are the first ev-
idence that defective mt:RNase P causes mitochon-
drial dysfunction, lethality and aberrant mitochon-
drial tRNA processing in vivo, underscoring its phys-
iological importance. This in vivo mt:RNase P model
will advance our understanding of how loss of mito-
chondrial tRNA processing causes tissue failure, an
important aspect of human mitochondrial disease.

INTRODUCTION

Most metazoan mitochondrial genomes encode the same
transcripts (1). The 13 proteins encoded by mitochondrial

DNA (mtDNA) are required components of the complexes
that carry out oxidative phosphorylation. In order for mi-
tochondria to fulfill the ATP demands of the cell, each
mitochondrial-encoded protein must be efficiently gener-
ated by the mitochondrial machinery. To this end, the mi-
tochondrial ribosomes rely on the large and small riboso-
mal RNAs and the entire suite of tRNAs encoded by the
mtDNA.

Nuclear tRNAs are transcribed as pre-tRNAs that re-
quire 5′- and 3′-end cleavage and other modifications in or-
der to mature and become fully functional (2–4). As mi-
tochondria have a bacterial origin, mtDNA is transcribed
as polycistrons that must be processed and cleaved to cre-
ate the final products (5,6). Thus, mtDNA transcription is
complex and places unique demands on the mitochondrial
RNA processing machinery, differing significantly from the
transcription that commonly takes place in the nucleus (7).
Mitochondrial tRNAs (mt:tRNAs) punctuate the mRNAs
and rRNAs found in mtDNA and thus have the added
complication of requiring excision from the polycistron be-
fore maturation (8). In the nucleus, the RNAse P ribozyme
has long been known to be responsible for the 5′-end pre-
tRNA cleavage reaction, while other endonucleases, such as
RNase Z and Rex1p carrying out the 3′-end cleavage reac-
tion (9–11). Recently, a new class of protein-only RNase
Ps (proteinaceous RNase P (PRORP)) has been identified
that can carry out the 5′-end cleavage in human mitochon-
dria (12). In contrast to the RNAse P ribozyme, PRORP
(also called Mitochondrial RNase P Protein 3 (MRPP3))
is a metallonuclease without an RNA component. Sin-
gle protein PRORPs exist in the nucleus and organelles
of land plants and unicellular eukaryotes (13,14). In con-
trast, human PRORP has only been identified in mito-
chondria and is part of a three-protein complex referred to
as mt:RNase P, comprising mitochondrial RNase P Pro-
tein 1 (MRPP1/TRMT10C) and mitochondrial RNase P
Protein 2 (MRPP2/SDR5C1/HSD10) (12). MRPP1 is re-
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quired for methylation of the ninth position of certain mi-
tochondrial tRNAs, although this activity is not obligatory
for mt:RNAse P function and 5′-end cleavage (15). MRPP2
is a dehydrogenase, however evidence supports that in the
context of mt:RNase P it is required for the methyltrans-
ferase activity of MRPP1, as well as likely functions as
a scaffold protein for the formation of an MRPP1 and 2
sub-complex (15). As such, the MRPP1 and MRPP2 sub-
complex catalyzes tRNA methylation and in the context of
mt:RNase P supports 5′-end processing by PRORP. The 3′-
end cleavage of mt:tRNAs also uses a mitochondrially lo-
calized RNase Z, called ELAC2 in humans and RNase ZL

in Drosophila. While these two enzyme complexes are dis-
tinct, there is evidence that RNase Z/ELAC2 preferentially
cleaves products that have already been processed by RNase
P (16).

While this newly identified mt:RNAse P complex appears
critical for tRNA processing and maturation, it is currently
unknown how loss of mt:RNAse P function affects mito-
chondrial output and health. This is particularly relevant
to human health as the majority of mitochondrial diseases
caused by mutations in mtDNA are due to point muta-
tions in mt:tRNAs (17). Based on their location, most of
the mitochondrial tRNA mutations could affect mt:RNAse
P function, leading to unprocessed RNA species and mito-
chondrial dysfunction. Specific examples include MELAS
(mitochondrial encephalopathy, lactic acidosis and stroke-
like episodes), mitochondrial myopathy and HSD10 dis-
ease (18–23). Highlighting the importance of mt:tRNA pro-
cessing in human health, mutations in RNase Z/ELAC2
and MRPP2/SDR5C1 are associated with cardiomyopathy
and neurodegeneration, and cause mis-regulated mt:tRNA
cleavage in cell culture (24,25). For unknown reasons mi-
tochondrial diseases manifest very differently in different
organs and tissues and have quite different etiology, mak-
ing their diagnoses and treatment difficult, therefore it is
critical to understand the molecular mechanisms underly-
ing mt:tRNA cleavage in vivo (17,26).

Drosophila is an excellent model system to study the ef-
fect of altered mtDNA post-transcriptional processes as
Drosophila and human mtDNA genomes are arranged in
a similar manner, with mt:tRNAs punctuating the mRNAs
and rRNAs (27). In order to determine the developmental
and physiological significance of mt:RNase P function, we
have used sequence similarities to identify the Drosophila
mt:RNase P complex and examined Drosophila lacking the
orthologs for PRORP, MRPP2 and MRPP1, called Mulder,
Scully and Roswell, respectively. Here we show that Mul-
der, Scully and Roswell localize to mitochondria as expected
and that each can associate with the others. Importantly, re-
ducing any one of the three causes lethality. Furthermore,
flies lacking Mulder, Scully or Roswell have associated mi-
tochondrial deficiencies, exhibiting greatly reduced levels
of ATP and swollen, damaged-looking mitochondria. In
addition, flies with reduced Mulder, Scully or Roswell ac-
cumulate unprocessed mt:tRNA indicating that the mito-
chondrial defects we observe are at least in part direct and
specific for the protein complex function. Finally, we find
that overexpressing either Mulder or Roswell exerts dom-
inant negative effects on development and can also cause
mitochondrial defects. These data are the first to show that

loss of mt:RNase P function is detrimental in metazoans
and specifically mis-regulates mt:tRNA processing. Under-
standing the role of the highly conserved mt:RNase P will
be useful to dissect a subset of the complex mechanisms un-
derlying mitochondrial diseases.

MATERIALS AND METHODS

Fly stocks

The following fly stocks were obtained from the Bloom-
ington Stock Center: y1 w* mldrB FRT19A/FM7i,
ActGFP, y1 w* mldrC FRT19A/FM7i, ActGFP, y1 w* scuA

FRT19A/FM7i, ActGFP, y1 w* scuD FRT19A/FM7i,
ActGFP, y1 v1; scuTRiP.HMSO2305, y1 sc* v1; scuTRiP.GL01079,
y1 sc* v1; rswlTRiP.HMC02423, y1 w*; P{w[+mC] = tubP-
GAL4}LL7/ TM3, P{w[+mC] = ActGFP}JMR2, Ser[1],
y1 w*; P{w[+mC] = Act5C-GAL4}17bFO1/ TM3,
P{w[+mC] = ActGFP}JMR2, Ser, w*; P{w[+mC] =
ple-GAL4.F}3, P{w[+mC] = GAL4::VP16-nos.UTR}.
The following stocks were obtained from the Vienna
Drosophila Research Center: y w1118/ mldrKK108043, w1118;
rswl GD12447 (28).

Transgenic flies and constructs

The full-length Open Reading Frames for each respective
gene was amplified from the following Drosophila ESTs
(Drosophila Genomics Resource Center, Bloomington, IN,
USA): rswl (LD44982), scu (IP05285) and mldr (SD17694).
The two point mutations present in SD17694 were cor-
rected (R250L and L528M) using the QuikChange method
(Stratagene). For transgenic flies, rswl, scu and mldr were
sub-cloned into pPWM, pPWF and pPWV plasmids (The
Drosophila Gateway Collection, Carnegie Institution of
Washington, Baltimore, MD, USA), respectively, then com-
mercially injected (Genetic Services, Inc, Cambridge, MA,
USA). For S2R+ tissue culture constructs, rswl, scu and
mldr were sub-cloned into pAWM containing a C-terminal
myc tag. scu and mldr were also cloned into pAWF con-
taining a C-terminal FLAG tag (The Drosophila Gateway
Collection, Carnegie Institution of Washington, Baltimore,
MD, USA).

Northern blots

Total RNA was extracted from 5 to 10 mg of wild-type and
mutant strains of Drosophila larvae using a Tissue and In-
sect RNA kit (Zymo Research Corporation, St. Louis, MO,
USA). Five micrograms from each sample were mixed with
an equal amount of 2× urea loading dye (0.05% Bromo-
Phenol-Blue, 0.05% Xylene Cyanol dye, 50% m/v urea, 0.1
M EDTA) and run on 6% urea-polyacrylamide gel. North-
ern blot analysis was performed according to the DIG
Northern Starter Kit (Sigma-Aldrich Corp. St. Louis, MO,
USA) with a hybridization temperature of 50◦C. The size
standards of the RNA fragments were detected using DIG-
labeled RNA Molecular Weight Marker I (Sigma-Aldrich
Corp. St. Louis, MO, USA). Each blot was performed at
least three times.
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Immunofluorescence

Larval brains and ovaries from well-fattened females were
dissected and fixed as previously described (29). S2R+ cul-
ture cells were fixed and mounted as described (29). In
short, samples were fixed in Grace’s Insect Medium (mod-
ified) (BioWhittaker, Lonza, Cologne, Germany) contain-
ing 4% paraformaldehyde and 20 mM formic acid (Sigma-
Aldrich Corp. St. Louis, MO, USA). Antibody staining
was performed in antibody wash buffer (1× PBS:0.1% Tri-
ton X-100:1% BSA). The following antibodies were used:
rabbit anti-GFP (1:2000, Torrey Pines Biolabs, Secaucus,
NJ, USA), mouse anti-myc (1:1000, Sigma-Aldrich Corp.
St. Louis, MO, USA), anti-FLAG (1:1000, Sigma-Aldrich
Corp. St. Louis, MO, USA), mouse anti-ATP synthase
(1:1000, CVA, Mitosciences) and Phalloidin (1:250, Invit-
rogen). The following secondary antibodies were used: goat
anti-mouse IgG2b Alexa 488, goat anti-mouse IgG2b Alexa
568, goat anti-mouse IgG1 Alexa 488 and goat anti-rabbit
Alexa 488 (Molecular Probes, Lifetechnologies, Grand Is-
land, NY, USA). Images were collected using Zeiss 710 and
Zeiss 700 confocal microscopes and 63× Plan Apo NA 1.4
lens.

Western blotting, immunoprecipitation and cell fractionation

Western blotting, immunoprecipitations (IP) and cell frac-
tionations have been performed as described earlier (29,30).
The following antibodies were used: mouse anti-myc
(1:5000, Sigma-Aldrich Corp. St. Louis, MO, USA), anti-
FLAG (1:10000, Sigma-Aldrich Corp. St. Louis, MO,
USA), anti-CVA (1:100000, Mitosciences), mouse anti-
alpha tubulin (1:5000, Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, USA) and anti-
Mldr (1:2000, this study).

Pupation, eclosion and negative geotaxis measurements

Pupation, eclosion and negative geotaxis measurement were
performed as described (29,30). P-values were calculated in
Microsoft Excel using a two-tailed Student’s t-test.

ATP measurements and aconitase assay

ATP measurements and aconitase assays were performed
as described (29). In short, for ATP measurement, larval
samples were homogenized in ATP extraction buffer (100
mM Tris-Cl, pH 8.0, 4 mM EDTA, pH 8.0; 6 M guani-
dine hydrochloride) and protein concentrations were mea-
sured using Bradford assay. The ATP concentration was
determined using an ATP Determination Kit (Molecular
Probes, Invitrogen) according to the manufacturer’s direc-
tions. One hundred microliter assays were performed in a
96-well plate and the luminescence was measured using a
Biotek Synergy H1 luminometer. Each sample was pro-
cessed in duplicate and read in triplicate. The amount of
ATP was normalized against protein concentration. For
aconitase assays, larval extracts were electrophoresed on
cellulose acetate membrane (Cellogel, Accurate Chemicals,
Westbury, NY, USA) in running buffer [20 mM potas-
sium phosphate (pH 7.8), 3.6 mM citrate]. Aconitase ac-
tivities were detected on the membrane by incubating it

in staining solution [100 mM potassium phosphate, (pH
6.5), 1 mM NADP1, 25 mM MgCl2, 2 mM cis-aconitic
acid, 0.5 mg/ml 2,3-bis-(2-methoxy-4-nitro-5-sulfenyl)-2H-
tetrazolium-5 carboxanilide disodium salt (XTT) or MTT,
0.3 mM phenazine methosulfate, 5 units/ml isocitrate de-
hydrogenase] for 10 min. From three membranes, the band
intensities from mitochondrial aconitase activity of each
sample were normalized against the respective cytoplasmic
aconitase activity for comparison. Analyses were done us-
ing ImageJ (31).

Mulder antibody generation

The Drosophila EST SD17694 (Drosophila Genomics Re-
source Center, Bloomington, IN, USA) was cloned into
pMCSG7 vector (gifted from Midwest Center for Structural
Genomics, IL, USA) and transformed into BL21(DE3) ex-
pression cells (New England Biolabs, MA, USA). The cul-
ture was grown at 37◦C and the protein was expressed us-
ing 200 �M of IPTG at 18◦C in TB media (Sigma-Aldrich
Corp. St. Louis, MO, USA). The cells were lysed using lysis
buffer (8M urea, 100 mM NaH2PO4, 10 mM Tris and 10
mM imidiazole pH 8.0) and sonication. The lysate was cen-
trifuged and the supernatant was passed through Ni-NTA
column and washed with a denaturing wash buffer (8M
urea, 100 mM NaH2PO4, 150 mM NaCl, 20 mM imidiazole
pH 8.0). The protein samples were eluted from the column
using 20 mM MOPS pH 7.8,100 mM NaCl, 1 mM TCEP,
500 mM imidazole and 6 M urea. The purity of the sample
was verified by SDS PAGE gel and fractions having a sin-
gle band were pooled and then commercially injected into
rabbits (Covance Research Products, Princeton, NJ, USA).
A 1 mg/ml protein was used for the injection and the serum
was checked by ELISA test for antibody tightness.

RESULTS

Members of the protein only RNase P complex localize to
mitochondria in Drosophila

Pre-tRNAs are processed through cleavage of their 5′
and 3′ ends, as well as by the covalent modification of
various bases (2,3). In metazoan mitochondria, the pro-
tein in the mt:RNase P complex responsible for catalyz-
ing the 5′-end cleavage is PRORP which contains a met-
allonuclease domain, as well as a pentatricopeptide re-
peat (PPR) domain thought to bind RNA (Figure 1A).
The Drosophila ortholog contains all of the same recog-
nizable domains, including a mitochondrial targeting sig-
nal. The Drosophila PRORP ortholog is the previously
undescribed gene CG15896 that we have named mulder
(mldr) (Figure 1A). MRPP2 is a member of the short-
chain dehydrogenase/reductase (SDR) superfamily and is
also known as Hydroxysteroid (17-Beta) Dehydrogenase 10
(HSD10 is the protein, HSD17B10 is the gene) (Figure 1A).
The Drosophila ortholog Scully (Scu) is highly homologous
to MRPP2, with 69% amino acid identity (Figure 1A) (32).
MRPP1 is a methyltransferase and Drosophila contain two
potential orthologs. However, only one has a mitochondrial
targeting signal, which is encoded by the previously un-
described gene CG5190 that we have named roswell (rswl)
(Figure 1A).
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Figure 1. The Drosophila mt:RNase P proteins Mldr, Scu and Rswl localize to mitochondria. (A) Schematics indicating the domains of each protein and
their homology to the human homologs. Asterisks indicate the approximate location of the mutations used in this study. The length of the mitochondrial
targeting sequence (MTS, yellow) was predicted using the Mitoprot server. Domain boundaries of Drosophila mt:RNase P components were predicted
based on alignments with human homologs (Clustal Omega). Sequence identify and similarity were determined by BLAST. (B) Western blots showing
each mt:RNase P protein can reciprocally co-immunoprecipitate with the others. GUS = glucuronidase as a negative control. Arrowheads indicate the
correct band size. Asterisks indicate the anti-mouse IgG cross-reactive bands. (C–K) GFP-tagged Mldr, FLAG-tagged Scu and myc-tagged Rswl (C, F,
I, respectively) co-localize with mitochondria (D, G, J) in larval brains. E, H, K show the merged images. Dashed yellow lines indicate third larval instar
neuroblasts. Overexpression of Mldr causes early larval lethality and it is difficult to find NBs in the very young brains, thus there is no NB indicated
(C, D). (L) Western blot of fractionated S2R+ cell extract from cells transfected with myc-tagged Mldr, Scu or Rswl shows each protein is located in the
mitochondrial fraction (M). Tubulin and ATP synthase are controls for cytoplasmic (C) and mitochondrial (M) fractions, respectively. W = whole cell
extract. White = anti-ATP synthase (D, G, J), anti-GFP (C), anti-FLAG (F), anti-myc (I). Green = anti-GFP (E), anti-FLAG (H), anti-myc (K). Magenta
= anti-ATP synthase (E, H, K). Scale bar = 10 �m in K for C–K.

For Mldr, Scu and Rswl to exert their function as the
Drosophila mt:RNase P, they would have to associate with
each other. To test this, we transfected S2R+ cells pairwise
with myc- and FLAG-tagged constructs and performed re-
ciprocal immunoprecipitation (IP) (Figure 1B). Rswl and
Scu, Rswl and Mldr and Scu and Mldr reciprocally co-
IP’d, indicating that the three were able to associate. Myc-
tagged glucuronidase (GUS) served as a negative control.
Furthermore, the mt:RNase P complex must localize to mi-
tochondria in order to process mt-tRNAs. Mldr, Scu and
Rswl contain putative mitochondrial targeting signals (Fig-
ure 1A; MTS), however none have been previously shown
to localize to mitochondria in vivo. To test the localiza-
tion of each protein, we developed transgenic flies using the

UAS/GAL4 system to conditionally express GFP-tagged
Mldr, FLAG-tagged Scu and myc-tagged Rswl (33). As
evidenced by immunofluorescence, all three proteins co-
localized with mitochondrial ATP synthase in the larval
brain (Figure 1C–K) and germ cells (Supplementary Fig-
ure S1A–F, Figure 6D–F). S2R+ cells transfected with myc-
tagged Mldr, Scu and Rswl also showed strong mitochon-
drial co-localization with ATP synthase (Supplementary
Figure S1G–O). To confirm this localization biochemically,
we transfected S2R+ cells with myc-tagged Mldr, Scu and
Rswl and separated the extract into cytoplasmic and mi-
tochondrial fractions. By probing the fractions with anti-
myc antibody, we saw that each protein is detected in the
mitochondrial fraction (Figure 1L). There were minimal
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amounts of Mldr and Rswl in the cytoplasmic fractions
which were likely due to a trace contamination from the
mitochondrial fraction judging from the ATP synthase an-
tibody. While immunofluorescence in situ showed predom-
inantly mitochondrial staining, Scu was also found in the
cytoplasmic fraction, which could be due to overexpres-
sion in S2R+ cells that often led to large cytoplasmic ag-
gregates (Supplementary Figure S2, arrows). ATP synthase
and tubulin served as controls for the purity of the mito-
chondrial and cytoplasmic fractions, respectively. Taken to-
gether, these data show that Mldr, Scu and Rswl can asso-
ciate with each other, and that each is localized to mitochon-
dria in vivo.

Mulder, Scully and Roswell are orthologous to PRORP,
MRPP2 and MRPP1

There are no available structures for Mldr and Scu. We have,
however, used known structures of homologous proteins
to construct the high confidence models shown in Figure
2. Specifically, Phyre server was used to create a structure
model of Mldr using the metallonuclease domain of hu-
man PRORP and the full-length structures of A. thaliana
PRORP1 and PRORP2 as templates (34–36). The I-Tasser
server was used to create a structure model of Scu based on
structures of human MRPP2 (37,38). There are two unchar-
acterized publicly available alleles of mldr that were gener-
ated in a large-scale mutagenesis screen: mldrB (Y121D in
the PPR domain) and mldrC (W465R in the metallonucle-
ase domain) (Figure 2A, yellow circles) (39). There are three
available scu alleles. Two of them were generated in the same
genetic screen as was mldr: scuD (S163F) is in a highly con-
served residue (Figure 2B, red circle) and scuA (Q159Stop)
is predicted to result in a C-terminal truncation (Figure 2B,
shown in yellow) (39). scu4058 results from a small X-ray
induced deletion which causes a frameshift at E205 lead-
ing to a stop codon 60 nucleotides downstream after E236
(32). This results in a smaller truncation than scuA, con-
sisting of the last 19 residues (Figure 2B, shown in green).
The putative tetrameric assembly of Scu is presented where
the four monomers are differentially color-coded (Figure
2C). It is evident that S163 lies in the interface between two
monomers.

Reducing Mldr, Scu and Rswl causes lethality in vivo

In order to study the consequences of loss of mt:RNase P
in vivo, we examined mutants for mldr and scu, and RNAi
knockdown for mldr, scu and rswl. We found the mutant
alleles for mldr and scu cause lethality because flies con-
taining mutations in either gene do not make it to the adult
stage as we only saw heterozygous sibling adult flies eclose,
whereas homozygous mutant adults never eclosed (Figure
2D). While mldrB and mldrC are only point mutations, the
larvae contained very low protein levels as judged by west-
ern blot (Figure 2E). To determine at which stage of de-
velopment the lethality occurs, we transferred 20 one-day-
old mutant larvae into vials and scored how many pupated
(Figure 2F–H). Under these uncrowded conditions, mldrB

showed a delay in pupation relative to wild-type sibling con-
trols, with all the larvae finally pupating by day 16 (Figure

2F). mldrC had a stronger phenotype, with a longer pupa-
tion delay and only 60% of the larvae pupating compared
with sibling controls (Figure 2F). The three available scu
alleles gave similar results. scuA and scuD were both lethal
and experienced delayed pupation under uncrowded con-
ditions (Figure 2G). scu4058 was the most severe, with a
slightly longer pupation delay and only 60% of the larvae
pupating (Figure 2G). Pupae mutant for mldr and scu fre-
quently did not develop normally and had reduced spiracle
eversion (Supplementary Figure S3). Expressing UAS-rswl-
RNAi also gave a modest delay in pupation compared to
control (Figure 2H).

In addition to examining both mldr and scu mutants,
we ubiquitously expressed available RNAi lines using the
highly expressed tubGAL4 and lower expressed ActGAL4
(Table 1 & Supplementary Table S1). Expressing UAS-scu
and UAS-mldr RNAi using tubGAL4 allowed larvae to pu-
pate equally well as controls. The scu RNAi knockdown pu-
pae did not develop to adulthood. Approximately 10% of
the mldr knockdown pupae eclosed and using ActGAL4
to express the RNAi at lower levels allowed an even larger
portion of the adults to eclose (Table 1 and Supplementary
Table S1). At present, there are no available alleles for rswl
and only one RNAi stock. Expressing rswl-RNAi using Act-
GAL4 allowed the larvae to pupate, but not develop. While
this is only one RNAi line, this result is very similar to our
results with mldr and scu. Expressing UAS-rswl RNAi at
higher levels using tubGAL4 suppressed even pupation (Ta-
ble 1).

Neurons are particularly sensitive to mitochondrial out-
put. To determine if decreasing Mldr, Scu or Rswl caused
neuronal deficits, we expressed UAS-RNAi for each using
the tyrosine hydroxylase pleGAL4 specific to dopaminer-
gic neurons and examined the ability of the flies to climb
at different ages (Figure 2I). Expressing neither UAS-rswl
nor UAS-scu RNAi caused deficits in locomotion. How-
ever, knocking down mldr in dopaminergic neurons caused
an age-progressive loss of locomotive function (Figure 2I).
Taken together, these data support an essential role for
mt:RNase P in vivo. Furthermore, ubiquitously knocking
down each complex member caused lethality at the same
developmental stage and thus gave very similar phenotypes,
suggesting they function in the same pathway.

mldr and scu mutants and rswl knockdown larvae have re-
duced ATP levels but no apparent mitochondrial oxidative
stress

In metazoans, mtDNA encodes the entire suite of tRNAs
necessary for translating mtDNA encoded proteins. There
are only 13 proteins encoded by mtDNA, all of which
are required for the protein complexes used for oxidative
phosphorylation. Since human mt:RNase P is involved in
mt:tRNA processing in vitro, we tested whether knocking
down each component caused ATP levels to decrease in vivo.
Larvae mutant for mldr and scu showed greatly reduced
ATP levels relative to wild-type control (Figure 3A). Con-
sistent with this result, extract from larvae expressing UAS-
RNAi for mldr, scu and rswl also showed low levels of ATP
relative to control (Figure 3B). One of the consequences of
electron transport during respiration can be the accumula-



6414 Nucleic Acids Research, 2016, Vol. 44, No. 13

Figure 2. Loss of mldr and scu results in lethality in Drosophila. (A–C) Predicted structure of Mulder based on the Arabidopsis thaliana PRORP1, PRORP2
and the human PRORP available structures (A) and Scully (B and C) based on the available human MRPP2 structures. The modeled MRPP2 monomer is
shown in blue in B whereas the expected tetrameric assembly is shown in C. The point mutations used in this study are indicated with yellow (A) and red
(B, C) circles. The scu alleles Q159Stop and E205X result in truncations. The E205X and Q159Stop mutations result in a 19-residue truncation in yellow
and an additional 87-residue truncation in green, respectively shown in B. The position of W465, Y121 in Mulder and S163, Q159 and E205 are all shown
as ball and sticks. (D) Table summarizing percent pupation and eclosion for mldr and scu alleles. (E) Western blot indicating larvae mutant for mldrB and
mldrC have greatly reduced protein levels. (F–H) Pupation rates. Both mldrB and mldrC mutant larvae have delayed pupation with 40% of mldrC mutant
larvae failing to pupate (F). Larvae mutant for scu have delayed pupation as well. The scu4058 allele also fails to pupate 40% of the time (G). (H) Expressing
UAS-rswl-RNAi using ActGAL4 shows a modest but reproducible pupation delay. Note the different scale in the X-axis. The controls (black lines) for F–H
are a representative sibling control for one of the genotypes. The lines stop because the adults eclose. (I) Negative geotaxis assay. Expressing scu or rswl
RNAi in dopaminergic neurons using Ple-GAL4 has no effect on adult fly locomotion, whereas expressing mldr-RNAi causes an age-dependent decrease
in locomotion. AE = After Eclosion. Error bars = s.e.m. for F, G and s.d. for H. * P = 0.02, determined using a two-tailed Student’s t-test in Microsoft
Excel.
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Figure 3. Loss of mt:RNase P complex proteins causes decreases in ATP in vivo. (A) Larvae mutant for mldr and scu have greatly reduced levels of
ATP compared to wild-type (y w). (B) Larvae ubiquitously expressing RNAi for rswl, scu and mldr using tubGAL4 also have reduced levels of ATP. scuA

mutant larvae are included as a control. (C, E) mldr and scu mutant larvae (C) and larvae ubiquitously expressing rswl-RNAi (E) do not have decreased
mitochondrial aconitase activity relative to cytoplasmic aconitase activity. (D, F) Representative cellulose acetate membranes for C and E, respectively,
showing cytoplasmic (cyto) and mitochondrial (mito) aconitase activity. ‘+’ and ‘−’ indicate the electrophoretic migration. Error bars represent s.e.m.. P -
values were calculated using a two-tailed Student’s t-test in Microsoft Excel. Information on replicates can be found in the Materials and Methods.
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Table 1. mt:RNase P RNAi knockdown pupation and eclosion rates

RNAi Sibling controlb

Percent pupationa Percent eclosion Percent pupation Percent eclosion

tubGAL4/ UAS-rswlGD12447 0 0 85 ± 5 98 ± 1.8
ActGAL4/ UAS-rswlGD12447 92 ± 3.3 0 98 ± 1.7 98 ± 1.7
UAS-scuTRiP.HMS02305 /+; tubGAL4/+ 86 ± 7.2 0 98 ± 2.5 98
tubGAL4/ UAS-scuTRiP.GL01079 92 ± 1.7 0 95 ± 2.9 97 ± 3.3
tubGAL4/ UAS-mldrKK108043 83 ± 1.7 8 ± 5.1 92 ± 1.7 97 ± 3.3

a± s.e.m.
bGFP+ sibling larvae.

tion of reactive oxygen species. If reactive oxygen species ac-
cumulate, mitochondria can experience a reduction in ATP
due to the build-up of general oxidative damage as a con-
sequence of oxidative stress. For example, Drosophila har-
boring mutations for various mitochondrial proteins often
suffer from mitochondrial oxidative damage and flies lack-
ing mt:RNase Z function were shown to have increased ox-
idative damage (examples include (29,40–43)). One assay to
assess the mitochondrial redox environment is to measure
the enzymatic ability of mitochondrial aconitase, an enzyme
easily rendered non-functional due to oxidation (44,45).
mldr and scu mutants and rswl RNAi knockdown larvae did
not show a decrease in mitochondrial aconitase activity rel-
ative to cytoplasmic aconitase activity (Figure 3C–F). This
suggests that the drop in ATP levels is not due to general
mitochondrial oxidative stress.

Mitochondria swell in the absence of Mldr and Scu

When the inner mitochondrial membrane of a mitochon-
drion loses its selective permeability due to damage, it os-
motically swells and ruptures the outer mitochondrial mem-
brane. This phenomenon gives rise to swollen, ring-like
mitochondria when viewed by microscopy. Mldr, Scu and
Rswl localized to mitochondria, and there was a decrease
in ATP levels when any of the three were knocked down.
The lethality we observed with mldr and scu mutants and
with UAS-rswl-RNAi knockdown could be due to a variety
of non-specific defects. To examine whether there are defects
in mitochondrial size and shape with loss of mt:RNase P,
we examined mitochondrial morphology using immunoflu-
orescence. Mitochondria in larval brain neuroblasts have
a stereotypical, distinctive, small spherical structure (Fig-
ure 4A) (29). When we examined neuroblasts in mldr and
scu mutant larval brains, we found they were larger and
swollen compared to wild-type, and often contained ring-
like mitochondria (Figure 4C–G, arrows, versus A). For
scu4058, this is consistent with mitochondrial morphological
changes seen using transmission electron microscopy (32).
Loss of mitochondrial proteins in Drosophila does not al-
ways give rise to this phenotype (29). In contrast, the rswl
RNAi knockdown using tubGAL4 did not show swollen
or ring-like mitochondria, even though these larvae do not
grow past second instars (Figure 4B).

Mitochondrial tRNA processing is altered in the absence of
Mldr and Scu

Products encoded by mtDNA do not contain introns and
with the exception of the A+T rich region, there are very

few nucleotides that do not encode mRNA, rRNA or tRNA
(Figure 5A) (27). Drosophila mtDNA is thought to be
transcribed as five polycistrons (5,6). tRNAs in these poly-
cistronic units are thought to serve as punctuation marks
for 3′ and 5′ end processing of mitochondrial rRNAs and
mRNAs (8). As such, most mt:mRNAs and mt:rRNAs are
separated by at least one mt:tRNA (Figure 5A). Since the
human mt:RNase P complex cleaves the mt:tRNA 5′-ends
in vitro, we investigated whether mt:tRNA processing was
aberrant in vivo in mldr and scu mutants and with rswl RNAi
knockdown. mt:tRNAs are found in different sequence mi-
lieux. To test a variety of upstream sequence context, we
chose to examine tRNAs that are found downstream of
rRNA (mt:tRNALeu(CUN) and mt:tRNAVal), mRNA (Cy-
tochrome c oxidase subunit III (CoIII), mt:tRNAGly) and
the A+T rich region (mt:tRNAIle) (Figure 5A, asterisks).
mt:tRNA processing by Arabidopsis PRORPs appears to
be highly efficient and go to completion at steady-state lev-
els in vitro (46); thus, normally unprocessed tRNAs would
not be predicted to be observable by northern analysis.
As such, wild-type larvae consistently and completely pro-
cessed each of the mt:tRNAs we examined, with no evi-
dence of unprocessed higher molecular weight RNA inter-
mediates (Figure 5B–E, y w). In contrast, the mutant alle-
les of mldr and scu, and the larvae expressing rswl RNAi
knockdown accumulated precursor mitochondrial RNAs
(Figure 5B–E). mt:tRNAIle and mt:tRNAGly are encoded
in the same polycistron. After probing for mt:tRNAIle in
mdlr mutants, we observed three distinct bands, in con-
trast to scu mutants and rswl RNAi knockdown. Probing
for mt:tRNAGly, however, showed only a single band (Fig-
ure 5C). mt:tRNALeu(CUN) and mt:tRNAVal are in the same
polycistron and when probing with each gave bands at ap-
proximately the same sizes for mldr and scu mutants and
rswl knockdown.

Overexpressing Mldr causes mitochondrial dysfunction

For multiprotein enzyme complexes, a decrease in any one
protein often results in changes or loss of enzymatic func-
tion. Mutations in mldr and scu, as well as RNAi knock-
down of rswl, resulted in pupal death, developmental de-
lays and a decrease in mitochondrial function indicating
each is essential in vivo. On the other hand, ectopically in-
creasing enzyme levels can also lead to dominant nega-
tive effects through sequestering critical components from
their normal function, or through mis-regulated activity.
Using tubGAL4 for high, global expression, we found over-
expressing UAS-mldr-GFP and UAS-rswl-myc resulted in
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Figure 4. Larvae lacking Mldr and Scu have mitochondrial defects. (A–G) Larval stem cells (dashed circles) from third instar larval brains labeled for
mitochondria (green), actin (magenta) and DAPI (blue). Larval stem cells in wild-type brains have small, dispersed mitochondria (A). (C–G) In contrast,
mitochondria in the neuroblasts of mldr and scu mutants are grossly swollen with frequent ring-shaped mitochondria (arrows). (B) Ubiquitously expressing
rwsl-RNAi using tubGAL4 does not cause defects in mitochondrial morphology. (H) Table indicating the penetrance of neurobasts (NB) with swollen
mitochondria and the number of neuroblasts examined. Green = anti-ATP synthase, magenta = phalloidin, blue = DAPI (A–G). Scale bar = 10 �m in
G for A–G.

lethality (Table 2). Larvae overexpressing mldr could de-
velop to second instars, but often did not develop past first
instar (Figure 6A). In contrast, larvae overexpressing rswl
were able to develop to third instars (Figure 6B). In agree-
ment with the lethality, both genotypes exhibited low lev-
els of ATP production (Figure 6C). Larvae overexpressing
scu had increased ATP levels relative to mldr and rswl, al-
beit lower than wild-type, which did not result in lethality
(Figure 6C, Table 2). To determine whether mitochondrial
morphology was affected, we examined germ cells. nanos-
GAL4 (nosGAL4) is expressed exclusively in the germline.
The nosGAL4 stock we used does not give uniform expres-
sion in all developmental stages of the ovary, with lower ex-
pression in early germ cells and very high expression later
(Figure 6J). When we examined mitochondrial morphology
using immunofluorescence, we observed that in the lower
expressing germ cells, mitochondria had the narrow, rod-
shaped morphology characteristic of normal germ cell mi-
tochondria (Figure 6D–F). However, mitochondria in germ
cells with high expression of UAS-mldr had swollen, ring-
shaped mitochondria indicative of a loss of selective perme-
ability (Figure 6G–I). ATP synthase, which is found in the
mitochondrial inner-membrane, labeled the outside of the
ring-shaped mitochondria (Figure 6H, inset) whereas anti-
bodies against Mldr, which is a mitochondrial matrix pro-
tein, labeled the inside of the mitochondrial rings (Figure
6G and I). Although overexpressing UAS-rswl-myc ubiqui-
tously was lethal and decreased ATP levels, in contrast to
UAS-mldr, mitochondrial morphology was normal (Figure
1I–K, Supplementary Figure S4). These results indicate that
past a threshold expression level, Mldr causes dominant ef-
fects.

DISCUSSION

Each component of mt:RNase P is required in vivo

PRORPs represent a new class of tRNA 5′-end processing
enzymes that lack a catalytic RNA component, i.e. a ri-
bozyme. In humans, PRORP requires the obligatory pres-
ence of a sub-complex containing MRPP1 and MRPP2 to
catalyze the cleavage reaction. The complex was initially
identified from mitochondrial extracts and while it has been
localized to mitochondria in cell culture, the physiologi-
cal significance of these proteins during development has
not been previously addressed in vivo (47). Here, we have
shown that Drosophila contains orthologs of each mem-
ber of the mt:RNase P complex: Mulder (PRORP), Scully
(MRPP2) and Roswell (MRPP1). Each member localizes
to mitochondria, and its loss causes lethality. In addition,
decreasing the amount of Mldr, Scu or Rswl causes an ac-
cumulation of unprocessed mt:tRNAs, supporting that they
function in the mt:tRNA processing pathway and that the
mitochondrial defects seen in the mutants (loss of ATP, mi-
tochondrial morphology defects) may be due to a decrease
in mature mt:tRNAs.

Mldr levels are the most critical in vivo

Overall, the lethality we observed in mldr and scu mutants
and rswl RNAi knockdown was very similar and consistent.
All were pupal lethal, and mldr and scu mutants showed de-
layed pupation. Even though mldrB and mldrC are point mu-
tations, there are low levels of protein present (Figure 2E).
While both alleles cause a lack of protein, mldrC (W465R)
has a more severe developmental defect since 40% of the
larvae do not pupate, suggesting that there is a difference
in how any potential residual protein functions between
the two alleles. The scu mutants we examined also showed
differences in lethality, with scu4058 being the most severe
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Figure 5. The mt:RNase P complex is required for mt:tRNA processing in Drosophila. (A) Diagram of Drosophila mitochondrial DNA structure (adapted
from Xie and Dubrovsky). The five arrows indicate the predicted five transcribed polycistrons. Asterisks denote which mt:tRNAs were assayed via northern
blot. ND = NADH dehydrogenase (Complex I), Cytb = ubiquinol: cytochrome c oxidoreductase (Complex III), Co = Cytochrome c oxidase (Complex
IV), ATP = ATP synthase (Complex V). (B–E) Northern blots. mldr and scu mutant larvae contain unprocessed mt:tRNAs transcripts for mt:tRNAIle,
mt:tRNAGly, mt:tRNAVal and mt:tRNALeu(CUN). Northern blots using extract from rswl RNAi knockdown larvae also show unprocessed, larger molecular
weight species. Arrows indicate the major additional bands. sesB1 and SOD2 mutant larvae are used as controls. The mature tRNAs are indicated by the
tRNA symbol at the bottom of the blot.

which is surprising given that scuA is a larger truncation.
One potential explanation is that the additional amino acids
left in scu4058 allows it to sequester other proteins, acting as
a dominant negative. The human MRPP2 ortholog must
form a tetramer in order to function (48,49). The trunca-
tions for scu4058 and scuA, shown in only the blue monomer
in Figure 2C, and color-coded with two lighter shades of
blue, form the majority of the dimerization interface. It

seems that even if these truncations were to result in viable
coded proteins they would be unable to form a tetramer.
Thus, it is likely these scu mutations could lead to disrup-
tion of tetramer formation with subsequent detrimental ef-
fects to the mt:RNase P function. In addition, MRPP2 (also
known as HSD10 (HSD17B10 is the gene)) is known to
function in the isoleucine biosynthetic pathway. However,
patients suffering from HSD10 disease have symptoms that
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Figure 6. Overexpressing Mulder causes mitochondrial morphology defects. (A) UAS-mldr-GFP expressing larvae driven by tubGAL4 do not develop past
second instar. The sibling control larva is a third instar. (B) UAS-rswl-myc larvae, in contrast, are able to grow to the third instar stage driven by tubGAL4.
(C) Graph showing relative ATP levels for UAS-scu, UAS-rswl and UAS-mldr larvae overexpressed using tubGAL4. OE = overexpression. (D–I) Germ cells
expressing UAS-mldr-GFP under the control of nosGAL4. (D–F) Germ cells with lower Mldr expression (D) have mitochondria that are of the normal
shape and size (E, F is the merge). Germ cells with high expression of UAS-Mldr-GFP (G) have swollen mitochondria (H, I is the merge). The swollen,
ring-shaped mitochondria (H, inset) have Mldr-GFP concentrated in the middle (G, inset, I inset is the merge). (J–L) A representative ovariole expressing
UAS-mldr-GFP under control of nosGAL4. Weaker expression is seen in younger germ cells (J, arrow) compared to strong Mldr-GFP expression in older
ones (J, arrowhead). ATP synthase labeling shows all of the mitochondria throughout the ovariole (K). L is the merge of J and K. White = anti-GFP (D,
G, J), anti-ATP synthase (E, H, K). Green = anti-GFP (F, I, L). Magenta = anti-ATP synthase (F, I, L). Scale bars = 5 �m in I for D-I, 1.5 �m in I inset
for all insets, 50 �m in L for J–L. Error bars = s.e.m.. P-values were calculated in Microsoft Excel using a two-tailed Student’s t-test.

Table 2. Effect of mt:RNase P overexpression

tubGAL4/ TM3 Ser ActGFP x Number of adults
Balancer non-Balancer

UAS-rswl-myc-4a/Y 299a 0
UAS-rswl-myc-5a/TM3 Sb 163 3
UAS-rswl-myc-1b/CyO 167 1
UAS-scu-FLAG-3a 300 327
UAS-scu-FLAG-3a/CyOb 168 70
UAS-scu-FLAG-4a/CyO 199 84
UAS-mldr-GFP-4b 213 0
UAS-mldr-GFP-2a/TM6b Hu Tb 125 0
UAS-mldr-GFP-4a/Y 108a 0

aincludes all males.
bsame insertion as 3a, maintained as a balanced stock.

do not correlate with an increase in toxic metabolites due to
misregulated isoleucine biosynthesis. Rather, the symptoms
are related to mitochondrial dysfunction and apoptotic cell
death (50). Thus, while MRPP2/HSD10 has dehydrogenase
activity, it is likely the loss of mitochondrial function asso-
ciated with MRPP2/HSD17B10 mutations is primarily due
to its non-enzymatic function in the mt:RNase P.

In addition to the common phase of lethality, knockdown
of mldr, scu and rswl exhibited greatly reduced ATP lev-
els and accumulation of unprocessed mt:RNAs (Figures 3
and 5). However, our more detailed analyses of mitochon-

drial function revealed some critical differences between
the three proteins. For example, only mldr RNAi caused
an age-related decrease in locomotion when expressed in
dopaminergic neurons (Figure 2I). In addition, mldr and
scu mutants had swollen and ring-like mitochondria in neu-
roblasts, whereas rswl-RNAi did not (Figure 4). In general,
when mitochondria have this morphology, it is indicative of
a loss of selective permeability. Once this is lost, the mito-
chondrial outer membrane fragments, leading to a lack of
ATP production. However, normal morphology does not
necessarily mean ATP production is at appropriate levels.
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These data suggest that while all three proteins are essen-
tial, cells are most sensitive to reductions in Mldr.

Interestingly, while decreasing Mldr, Scu and Rswl
caused lethality, overexpressing Mldr and Rswl had the
same effect (Table 2). In contrast, overexpressing UAS-scu-
FLAG in a wild-type background resulted in the expected
Mendelian ratio of adults, suggesting that too much of Scu
does not appear to alter the function of the complex, cause
a deleterious increase in dehydrogenase activity or sequester
any critical components in a dominant negative fashion. In
contrast, overexpressing Mldr was lethal, led to decreased
ATP levels and also caused defects in mitochondrial mor-
phology (Figure 6). Overexpressing Rswl was lethal, but
unlike Mldr, did not appear to change mitochondrial mor-
phology as judged by immunofluorescence (Supplementary
Figure S4). One possible explanation is that too much Mldr
causes indiscriminate nucleotide cleavage in the mitochon-
drion resulting in a more severe effect. However, while the
lethal outcome of Rswl overexpression may be more spe-
cific to mt:tRNA processing, we cannot rule out there is
a concomitant deleterious increase in nonselective methyl-
transferase activity. It could be that an increase in indis-
criminate methyltransferase activity is simply not as dele-
terious as nucleotide cleavage while still being important.
Thus, decreasing and increasing Rswl expression causes a
decrease in ATP and lethality, but does not give rise to any
mitochondrial morphological changes. Looking at all of the
phenotypes caused by lack and overexpression of the three
mt:RNase P complex members, it is apparent based on our
data that Drosophila is most sensitive to alterations in the
levels of Mldr.

Decreasing Drosophila mt:RNase P complex proteins does
not cause oxidative stress

We saw a consistent loss of ATP for mldr and scu mutants,
as well as RNAi knockdown of mldr, scu and rswl. The ATP
loss is very striking, and is not necessarily observed in other
larvae mutant for proteins involved in various mitochon-
drial functions (29,43). However, we observed no accom-
panying oxidative stress by assaying mitochondrial aconi-
tase function. Mitochondrial aconitase is well established
as being exceedingly sensitive to oxidation, and thus loss
of its function is often used as an indirect assay for an in-
creased mitochondrial oxidative environment (45,51). Mu-
tating Drosophila proteins involved in mitochondrial func-
tion does not always lead to oxidative stress in larvae (29).
One possible reason is that since mitochondria fulfill a va-
riety of biochemical functions, lowering levels of different
pathways would not necessarily cause oxidative stress. An-
other possible reason is that there is evidence that larvae pri-
marily use glycolysis, and not respiration, to maintain ATP
levels (52). Respiration is primarily responsible for generat-
ing reactive oxygen species in mitochondria since the elec-
tron transport chain can be ‘leaky’.

RNAse Z is the enzyme responsible for 3′-end tRNA
cleavage. Drosophila lacking mitochondrial RNAse Z have
been reported to have cell cycle defects, as well as oxida-
tive damage (43). In contrast, we did not observe any par-
ticularly small imaginal disks (indicative of cell cycle de-
fects), and while larvae development showed a delay, the lar-

val brains were of relatively normal size, as were the pupae
that formed. It is still possible that mutant clones would be
smaller relative to their wild-type siblings. Thus, it appears
that while flies lacking either mt:RNAse Z or mt:RNase P
accumulate unprocessed mitochondrial RNA species, they
have different effects on ATP levels and oxidative stress (43).

Reducing Mldr, Scu and Rswl results in accumulation of un-
processed mitochondrial RNAs

Larvae mutant for mldr and scu, as well as rswl RNAi knock-
down, accumulate unprocessed mt:RNAs (Figure 5). There
are several conclusions that can be gleaned from these ex-
periments. Wild-type larvae consistently and completely
processed the four mt:tRNAs we examined, as did the sesB1

and SOD2 mutants – two genes mutated in unrelated pro-
cesses (53–55). Thus, accumulation of mt:RNAs was spe-
cific for Mldr, Scu and Rswl and not due to general mi-
tochondrial dysfunction. For mt:tRNAIle and mt:tRNAGly,
which are encoded in the polycistron downstream of the A +
T rich region, the amount of processed mt:tRNA was larger
compared to mt:tRNAVal and mt:tRNALeu(CUN), both en-
coded in the polycistron that also encodes the large and
small mt:rRNAs. There are several possible explanations
for this observation. First, both ribozyme and protein-only
RNase P enzymes have differential affinities and cleavage
rates for some RNA substrates in vitro (46,56–58). Thus the
differences in the amount of processed product could be due
to different cleavage efficiencies of mt:RNase P for the two
polycistrons. However, given that there is more processed
product for mt:tRNAIle and mt:tRNAGly, the two poly-
cistrons would also need to be differentially transcribed, as
happens in humans (59). Since the same amount of total
RNA was added for all the blots, it is possible the two poly-
cistrons are differentially transcribed. However, counterin-
tuitively, the polycistron encoding the mt:rRNAs appears
to be at lower levels than the one downstream of the A + T
rich region, in contrast to what is thought to happen for hu-
man mtDNA (59). The difference in transcript levels does
not appear to be due to non-specific binding of the probes
to other tRNAs, as performing BLAST analysis with each
full-length mt:tRNA probe (Supplementary Table S2) did
not recognize any other tRNAs. Alternatively, this could be
explained by differences in probe binding, however, the un-
processed mt:mRNAs were of similar intensity for all the
blots.

In addition, mldrC mutant larvae had the largest accumu-
lation of unprocessed mt:tRNAs. This is consistent with it
being the more severe mldr allele, as well as with our obser-
vations that Drosophila are most sensitive to perturbation
in Mldr levels. For mt:tRNAIle processing, mldr mutants
showed several band sizes of unprocessed mt:tRNAs, which
may reflect the potential influence of mldr mutations on the
specificity of the 5′ end cleavage (Figure 5B). In contrast, the
scu mutations affected mt:tRNAIle 5′-end processing of the
same cleavage sites equally. rswl RNAi also showed a variety
of band sizes for mt:tRNAIle cleavage. By size, these bands
cannot be clearly associated with putative RNA transcripts
including tRNAIle. It is possible that these detected bands
are products of miscleavage by Rswl deficient mt:RNase P,
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suggesting a potential role of Rswl in restricting substrate
recognition.

mt:RNase P and disease

Many mitochondrial diseases are associated with point mu-
tations in mtDNA (60). While mt:tRNAs encode for a
relatively small proportion of mtDNA, over 50% of the
disease-causing mutations found in mtDNA are found in
the mt:tRNAs (61). However, most of these mt:tRNA mu-
tations do not occur in the anticodon or discriminator
bases that are necessary for codon recognition and aminoa-
cylation. Therefore, these disease-causing mt:tRNA muta-
tions likely impact such processes as post-transcriptional
modifications, interaction with the translation machinery
or mt:tRNA processing. There is evidence that normal
mt:tRNA processing is critical as mutations in precursor
mt:tRNAs that impair mt:tRNA 5′-end maturation, as well
as in human PRORP, can give rise to disease (19–20,23,62).
Studying how loss of Mldr, Scu or Rswl function affects cel-
lular function is therefore important for promoting the un-
derstanding of the mechanisms of these mitochondrial dis-
eases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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