Published online 13 October 2017

Nucleic Acids Research, 2017, Vol. 45, No. 21 12469-12480

doi: 10.1093/narlgkx902

The MRPP1/MRPP2 complex is a tRNA-maturation
platform in human mitochondria

Linda Reinhard'?7, Sagar Sridhara'->t and B. Martin Hallberg'-2-3"

1Departmeﬂnt of Cell and Molecular Biology, Karolinska Institutet, 17177 Stockholm, Sweden,
2Roéntgen-Angstrom-Cluster, Karolinska Institutet Outstation, Centre for Structural Systems Biology (CSSB),
DESY-Campus, 22607 Hamburg, Germany and 3European Molecular Biology Laboratory, Hamburg Unit, 22603

Hamburg, Germany

Received August 07, 2017; Revised September 11, 2017; Editorial Decision September 24, 2017; Accepted September 25, 2017

ABSTRACT

Mitochondrial polycistronic transcripts are exten-
sively processed to give rise to functional mR-
NAs, rRNAs and tRNAs; starting with the release of
tRNA elements through 5-processing by RNase P
(MRPP1/2/3-complex) and 3’-processing by RNase
Z (ELAC2). Here, we show using in vitro experi-
ments that MRPP1/2 is not only a component of
the mitochondrial RNase P but that it retains the
tRNA product from the 5’-processing step and signif-
icantly enhances the efficiency of ELAC2-catalyzed
3’-processing for 17 of the 22 tRNAs encoded
in the human mitochondrial genome. Furthermore,
MRPP1/2 retains the tRNA product after ELAC2 pro-
cessing and presents the nascent tRNA to the mito-
chondrial CCA-adding enzyme. Thus, in addition to
being an essential component of the RNase P reac-
tion, MRPP1/2 serves as a processing platform for
several down-stream tRNA maturation steps in hu-
man mitochondria. These findings are of fundamen-
tal importance for our molecular understanding of
disease-related mutations in MRPP1/2, ELAC2 and
mitochondrial tRNA genes.

INTRODUCTION

Mitochondria, powerhouses of the eukaryotic cell, have
their own genome and gene expression system. Func-
tional mitochondrial gene expression is crucial for the bio-
genesis of the respiratory chain, and thereby for cellular
metabolism. Defects in mitochondrial gene expression are
a direct cause for debilitating mitochondrial diseases, but
also imply age-related diseases and ageing (1,2).

The human mitochondrial genome is 16.6 kB long, circu-
lar and encodes 37 genes including 13 mRNAs, 22 tRNAs
and 2 rRNAs. The genome resides in nucleoids, which are

discrete, compact structures about 100 nm in diameter (3,4).
The genome is transcribed bi-directionally to produce long
polycistronic heavy- and light-strand precursor RNA tran-
scripts. These transcripts must be further processed to re-
lease the mature mitochondrial RNAs essential for organel-
lar translation, and hence for respiratory chain biogenesis
(5-7). The large majority of mRNA and rRNA elements are
flanked by one or more tRNA elements. In what is known
as the tRNA punctuation model (6), excision of the tRNA
elements releases all other elements and is a prerequisite for
RNA maturation. This extensive processing is presumably
co-transcriptional, and is mainly performed in distinct mi-
tochondrial RNA granules located close to the nucleoid (8-
10). Mitochondrial RNA maturation is a complex process
which involves a battery of nucleases and a more detailed
molecular understanding is desired to link aberrant RNA
processing to mitochondrial disease (11).

The 5'- and 3’-processing of the mitochondrial tRNA el-
ements are performed by the mitochondrial RNase P and
RNase Z endonucleases, respectively, both of which are lo-
cated within or close to the mitochondrial RNA granules
(10). After maturation of the tRNA ends, the 3'-terminal
cytosine-cytosine-adenine (3'-CCA) triplet is added by the
mitochondrial CCA-adding enzyme, completing the three
core processing steps required for nearly all mitochondrial
tRNAs. The human mitochondrial RNase P is composed
of three protein subunits: mitochondrial RNase P proteins
1, 2 and 3 (MRPP1, MRPP2 and MRPP3, respectively)
(12). MRPPI and MRPP2 form a strong protein com-
plex (MRPP1/2) (12,13), which is not only involved in 5'-
processing of the tRNA elements by RNase P but is also
responsible for the N'-methylation of adenosine and guano-
sine at position 9 (m'A9 and m'G9, respectively) of hu-
man mitochondrial tRNAs (13-15). MRPP2 is a multi-
functional protein involved in other cellular processes unre-
lated to mitochondrial R Nase P activity such as amino acid
catabolism and lipid metabolism (16,17). Interestingly, the
5'-processing and N'-methylation processes of MRPP1/2
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are uncoupled (13). The endonuclease activity of mitochon-
drial RNase P is mediated by MRPP3, but is strictly depen-
dent on the presence of MRPP1/2 (12,18,19).

RNase Z mediates tRNA 3’-processing, which involves
removing extra 3’ nucleotides immediately after the discrim-
inator base from tRNA precursors. The RNase Z proteins
belong to the metallo-B-lactamase superfamily ELAC1/2
(20-22). Mammals encode multiple forms of RNase Z with
ELACI located in the nucleus and in the cytosol (23-25),
while ELAC?2 resides in the nucleus and in mitochondria
(24-26).

The tRNA genes present in the mitochondrial genome
do not encode for the 3'-terminal CCA triplet; hence,
the next essential step in tRNA maturation is the post-
transcriptional addition of the conserved 3'-CCA sequence
required for aminoacylation. The reaction is catalyzed by
the CCA-adding enzyme, which uses cytidine triphosphate
and adenosine triphosphate as substrates to catalyze a
sequence-specific nucleotide polymerization without a re-
quirement for a nucleic acid template (27,28).

It has been shown that the three core processing steps
of human mitochondrial tRNA maturation—5-cleavage,
3'-cleavage and the 3'-CCA addition—follow an ordered
process (1,24,29-31) without evidence for a direct link be-
tween the different steps. However, during earlier work
on the crystal structure of the nuclease domain of mi-
tochondrial RNase P (19), we noted that RNase P was
not able to perform multiple-turnover reactions. Here, we
have further investigated this issue, and observed that, al-
though MRPP3 performs multiple-turnover reactions, the
MRPP1/2 complex is only capable of single-turnover catal-
ysis in the RNase P catalyzed tRNA 5-processing. Fur-
thermore, we demonstrate that MRPP1/2 is not only re-
sponsible for mitochondrial RNase P-based 5'-leader re-
moval, but also that it remains attached to the tRNA sub-
strate to enable further downstream processing steps includ-
ing 3'-tail removal by ELAC2 and 3’-CCA addition by the
CCA-adding enzyme. Specifically, for the large majority of
human mitochondrial tRNAs, the MRPP1/2 complex sig-
nificantly enhances ELAC2-catalyzed tRNA 3’-processing.
The MRPP1/2 complex thereby takes an unexpected cen-
tral role in the core processing steps required for human mi-
tochondrial tRNA maturation.

MATERIALS AND METHODS
Plasmids

The plasmids for the expression of human mitochon-
drial RNase P protein 1 (MRPP1; UniProt: Q7L0Y3;
residues 40-403; also called tRNA methyltransferase 10C
homolog, TRMTI10C), human mitochondrial RNase P
protein 2 (MRPP2; UniProt: Q99714; residues 1-261; also
called short chain dehydrogenase/reductase SC member
1, SDR5CI; or 17B-hydroxysteroid dehydrogenase type
10, HSD10) and human mitochondrial RNase P pro-
tein 3 (MRPP3; UniProt: O15091; residues 45-583; also
called proteinaccous RNase P, PRORP) were as previously
reported (19). The gene encoding human mitochondrial
zinc phosphodiesterase ELAC protein 2 (ELAC2; UniProt:
QIBQS52; residues 31-826) was synthesized (DNA2.0) and

cloned into the pJExpress 411 vector, which adds an N-
terminal Hisg-tag and a TEV cleavage site to the N-terminus
of the protein. The gene encoding human mitochondrial
CCA-adding enzyme (UniProt: Q96Q11; residues 42-434;
also called mitochondrial CCA tRNA nucleotidyltrans-
ferase 1, TRNT1) was synthesized (Gen9) and cloned into
the pNIC28-Bsa4 expression vector (GenBank: EF198106),
which adds an N-terminal Hisg-tag and a TEV cleavage site
to the N-terminus of the protein. Correct cloning was con-
firmed by DNA sequencing (Source Biosciences).

Protein expression and purification

All recombinant proteins were produced in Escherichia
coli strain KRX (Promega) using isopropyl B-D-1-
thiogalactopyranoside and rhamnose for induction of
protein expression. The MRPP1/2 complex was produced
essentially as previously described (19) and stored in 20
mM Tris pH 7.6, 200 mM NaCl, 10%(v/v) glycerol and 2
mM Tris(2-carboxyethyl)phosphine (TCEP). MRPP3 was
purified as previously reported (19) and stored in 20 mM
Na-HEPES pH 7.5, 300 mM NaCl, 10%(v/v) glycerol and
0.5 mM TCEP. ELAC2 was purified using nickel-affinity,
Q anion exchange and size exclusion chromatography in a
final buffer of 50 mM Tris pH 8.0, 150 mM NaCl, 10%(v/v)
glycerol and 5 mM TCEP. The N-terminal Hisg-tag was
removed by TEV protease treatment. The CCA-adding
enzyme was purified using nickel-affinity, heparin affinity
and size exclusion chromatography in a final buffer of
20 mM Na-HEPES pH 7.6, 150 mM NaCl, 5%(v/v)
glycerol and 2 mM TCEP. All proteins were concentrated
by ultrafiltration and then flash cooled in liquid nitrogen
and stored at —80°C.

Preparation of tRNAs

Template DNA for Homo sapiens mitochondrial pre-tRNA
substrates were synthesized (Integrated DNA Technolo-
gies). The tRNA constructs were either directly produced
by run-off transcription or were joined 5" of the GImS ri-
bozyme. See Supplementary Tables S1-3 for details of the
construct design. The template DNA was amplified by poly-
merase chain reaction using Phusion® High-Fidelity DNA
Polymerase (New England BioLabs) or Phire Il DNA Poly-
merase (Thermo Fisher Scientific). In vitro run-off tran-
scription was performed with T7 RNA polymerase at 37°C
for 1 to 3 h in reaction mixtures ranging from 50 ul to 5
ml and consisting of 30 mM Na-HEPES pH 8.0, 27 mM
MgCl,, 4 mM NTP mix, 10 mM TCEP, 2 mM spermidine
and 0.01% Triton X-100. For transcription of tRNA con-
structs joined to the GImS ribozyme, 2 mM glucosamine-
6-phosphate was added to the reaction mixture to initiate
the cleavage. The tRNA constructs co-transcribed with the
GImS ribozyme were applied over a Mono Q column and
eluted with a linear gradient of 20 mM K-HEPES pH 7.6,
I M KCl and 10 mM MgCl,. The final tRNA samples were
buffer exchanged to 20 mM K-HEPES pH 7.6, 100 mM
KCl and 10 mM MgCl, and concentrated by ultrafiltration.
The remaining tRNA constructs were purified after in vitro
transcription using a Quick-RNA Miniprep kit (Zymo Re-
search) and stored in nuclease free water. All tRNA samples
were flash cooled in liquid nitrogen and stored at —80°C.



RNase P and RNase Z cleavage assay

The tRNA 5'- and 3'-cleavage activity was assayed in a
cleavage buffer containing 20 mM K-HEPES pH 7.6, 130-
160 mM KCl, 2 mM MgCl,, 2 mM TCEP and 0.1 mg/ml
bovine serum albumin (BSA), unless otherwise stated.
The reaction mixes included 200 nM pre-tRNA, 800 nM
MRPP1/2, 50 nM MRPP3 and/or 50 nM ELAC2, or var-
ious combinations of the protein components. Reactions
containing MRPP1/2 were further supplemented with 5
pM S-adenosyl methionine (SAM). The reaction mixes
were pre-incubated at 30°C for 10 min, and the reaction
was initiated by addition of MRPP3 and/or ELAC2 with
subsequent incubation at 30°C for 20 min for pre-tRNAT"
samples and 60 min for pre-tRNAMS samples, unless other-
wise stated in the figure legends. For the pre-mature forms
tRNAT(38,17), tRNAHS(25,S) and tRNAHS(0,S), 1 U/l
RiboLock RNase Inhibitor (Thermo Fisher Scientific) was
added to the reaction mix to minimize unspecific back-
ground cleavage. This did not change the overall outcome
of the experiment. For the RNase P and RNase Z dilution
experiments, the concentrations of the proteins are given
in the figure legends. For the salt dependent reactions, the
KCI concentration was adjusted accordingly. The reaction
products were separated by 7M urea, 10% polyacrylamide-
gel electrophoresis (PAGE) gels in 1xTris/Borate/EDTA
(TBE) running buffer. After electrophoresis, the reaction
products were visualized on a Geldoc system (Bio-Rad) by
staining with SYBR Green II (Invitrogen).

Assays of CCA-adding activity

The CCA tRNA nucleotidyltransferase assays were carried
out in assay buffer containing 20 mM K-HEPES pH 7.6, 30
or 150 mM KCl, 5 mM MgCl,, 0.5 mM NTPs, 2 mM TCEP
and 0.1 mg/ml BSA using 200 nM pre-tRNA samples, 800
nM MRPP1/2 (if applicable) and 50 nM CCA-adding en-
zyme. The reaction mixes were pre-incubated at 30°C for 10
min, and the reaction was initiated by the addition of CCA-
adding enzyme. The reactions were incubated for 15 and 60
min at 30°C, and the reaction products were separated by
7M urea 10% PAGE in 1x TBE running buffer and anal-
ysed using SYBR Green II (Invitrogen) staining.

Gel filtration chromatography

For reconstitution, MRPP1/2 and tRNA were mixed in a
1:2 molar ratio in the presence of equimolar amounts of
SAM and nicotinamide adenine dinucleotide (NADH) for
10 min at 4°C, and then the samples were applied to a Su-
perdex S200 10/300 GL column equilibrated in 20 mM K-
HEPES pH 7.6, 130 mM KCl, 5%(v/v) glycerol, 5 mM
MgCl, and 2 mM TCEP. When enzymatic reactions were
combined with gel filtration chromatography experiments,
the corresponding MRPP1/2:tRNA complexes were first
reconstituted and purified either on a pre-equilibrated Su-
perdex S200 10/300 GL column or on a HiPrep 16/60
Sephacryl S300 HR column as required. The reconstituted
MRPP1/2:tRNA complexes were incubated for 60 min at
30°C with MRPP3 in a 2:1 molar ratio, with ELAC2 in
a 3:1 molar ratio, or with CCA-adding enzyme in a 2:1
molar ratio (supplemented with a 2-fold amount of NTP
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mix). The reaction mixes were resolved on a Superdex S200
10/300 GL column pre-equilibrated in the above given
buffer with detection of the absorption at 280 nm. Frac-
tions of interest were analyzed by 7M urea 10% PAGE
in 1x TBE running buffer with subsequent SYBR Green
II (Invitrogen) staining, and by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 4—
12% Bis-Tris gels (Novex or Bolt by Invitrogen) in 1x 4-
Morpholineethanesulfonicacid (MES) running buffer. All
columns were from GE Healthcare Life Sciences.

Determination of tRNA-binding constants

The binding affinity of the MRPP1/2 complex to mito-
chondrial tRNAD processing intermediates Y(5,6), Y(0,6),
Y(0,0) and Y(0,CCA) were investigated through elec-
trophoretic mobility shift assays. For every tRNA interme-
diate, a series of 20 pl reaction mixtures were prepared,
each containing 250 nM tRNA and varying amounts of
MRPP1/2 complex (0-800 nM) in the presence of 5 pM
SAM in cleavage buffer (see above). The reaction mixes (in
triplicates) were incubated at 30°C for 10 min before separa-
tion on 4% agarose EX E-gels (Invitrogen) at 4°C. The gels
were imaged using a Geldoc XT system (Bio-Rad) and the
band intensities were calculated using ImagelLab 4.1 (Bio-
Rad). Ky values were determined using non-linear regres-
sion analysis in GraphPad Prism 7 (GraphPad).

RESULTS
tRNA remains bound to MRPP1/2 after RNase P cleavage

To characterize the effects of the relative enzyme concentra-
tions on human mitochondrial R Nase P-cleavage efficiency,
we initially used pre-tRNATY"(38,17) as a substrate (where
(X,Y) indicates the number of additional nucleotides of the
5'-leader and 3'-tail, respectively). The pre-tRNATY" is lo-
cated at the 5-end of the cluster of tRNA genes Tyr-Cys-
Asn-Ala located on the light-strand (Figure 1A and B). We
varied the amounts of MRPP1/2 complex or MRPP3 in
separate runs. The results showed that 5'-processing of pre-
tRNATY"(38,17) by mitochondrial RNase P exhibited dif-
ferent dependencies on MRPP1/2 and MRPP3 concentra-
tions. MRPP3 displayed full activity at sub-stoichiometric
ratios of protein:tRNA indicative of multiple-turnover re-
actions (Figure 1C, top panel). In contrast, when there was
less MRPP1/2 complex than tRNA substrate, there was a
quick decline in activity (Figure 1C, bottom panel). Based
on this observation, we hypothesized that MRPP1/2 re-
mains attached to the 5'-processed tRNA. To test this, we
reconstituted MRPP1/2 with pre-tRNA™'(5,6). This re-
sulted in the formation of a complex that was stable dur-
ing gel filtration (Peak 1 in Figure 1D-F). When MRPP3
was added to the pre-formed MRPP1/2:pre-tRNATY"(5,6)
complex, the 5'-leader of the pre-tRNA was removed, while
the 5'-processed pre-tRNA™(0,6) remained attached to
MRPP1/2 (Peak 2 in Figure 1D-F).

We then continued with a more complex mitochondrial
tRNA substrate from the heavy-strand: pre-tRNAHS(25,S);
where S corresponds to the complete 59 nucleotide-long
tRNASTAGY) (Figure 2A and B). tRNAMS is located
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Figure 1. Role of MRPP1/2 in RNase P function on tRNATY". (A) Schematic representation of the light-strand (LS) tRNA cluster Tyr-Cys-Asn-Ala and
its complementary heavy-strand (HS). (B) Secondary structure of human pre-tRNAT"(38,17) (Y(38,17)) having 38 nt as 5'-leader and 17 nt as 3'-trailer.
The discriminator base is boxed. (C) RNase P dilution series on 200 nM tRNAT(38,17). Top: MRPP3 dilution (from 800 to 3.1 nM) and MRPP1/2
constant (800 nM). Bottom: MRPP1/2 dilution (from 800 to 3.1 nM) and MRPP3 constant (50 nM). The molar ratio of tRNA to protein is given in
brackets. The reactions were incubated for 1 h. (D-F) Gel filtration chromatograms of MRPP1/2:pre-tRNATY"(5,6) prior and after MRPP3 treatment as
well as of MRPP3 alone (D). Peaks of interest are numbered and the peaks tRNA and protein content are visualized by urea PAGE (E) and SDS-PAGE

(F), respectively.
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Figure 2. Role of MRPP1/2 in RNase P function on tRNAHS_ (A) Schematic representation of the heavy-strand (HS) tRNA cluster His-
Ser(AGY)-Leu(CUN). The 5'- and 3'-region of tRNAM (in black) are highlighted in red and blue, respectively. (B) Secondary structure of pre-
tRNAHS(25 (RNASer(AGY)) (H(25,S)) having 25 nt as 5'-leader (in red) and the complete tRNASeMAGY) a5 3/_trailer (in blue). The discriminator bases
are boxed. (C) RNase P dilution series on 200 nM tRNAH$(25,S). Top: MRPP3 dilution (from 800 to 3.1 nM) and MRPP1/2 constant (800 nM). Bottom:
MRPP1/2 dilution (from 800 to 3.1 nM) and MRPP3 constant (50 nM). The molar ratio of tRNA to protein is shown in parentheses. The reactions
were incubated for 1 h. (D-F) Gel filtration chromatograms of MRPP1/2:pre-tRNAHS(25.S) prior and after MRPP3 treatment (D). Peaks of interest are
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Figure 3. MRPP1/2 supports ELAC2 based 3'-tail removal. (A and B)
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(A) and pre-tRNAHS(0,S) (H(0,S)) (B). Mis-cleavage on Y(0,17) is indi-
cated by asterisks. The reaction mixes of H(0,S) were incubated for 1 h.

at the 5-end of a cluster of tRNAs—His-Ser(AGY)-
Leu(CUN)—located between the ND4 and NDS5 coding
sequences. For tRNAH(25S), we observed the same gen-
eral pattern as with pre-tRNAT. Specifically, there was a
strong concentration dependency on the MRPP1/2 com-
plex, while MRPP3 appeared to perform multiple-turnover
reactions in the mitochondrial RNase P cleavage reac-
tion (Figure 2C). Interestingly, RNase P did not pro-
cess the His-Ser(AGY) junction, shown by the fact that
the incubation of pre-tRNAH(25 S) with RNase P gave
only pre-tRNAH5(0,S) and not pre-tRNAH$(0,0) and pre-
tRNAS(0,0) as products. Gel filtration experiments con-
firmed that MRPP1/2 was able to form a strong complex
with pre-tRNAHS(25,S) (Peak 1 in Figure 2D-F). More-
over, after the RNase P cleavage reaction, the product pre-
tRNAMS(0,S) remained bound to MRPP1/2 (Peak 2 in Fig-
ure 2D-F).

MRPP1/2 enhances the activity of ELAC2 for the majority
of mitochondrial tRNAs

Since MRPP1/2 remained bound to the 5'-processed pre-
tRNA generated by mitochondrial RNase P cleavage in
both our experiments reported here, we asked whether
MRPP1/2 also played a role in the ensuing tRNA 3'-tail
removal catalyzed by ELAC2. To this end, we assayed
ELAC2 activity on pre-tRNA™"(0,17) both in the absence
and presence of MRPP1/2. We found that ELAC2 alone
was only active under non-physiological conditions with
low ionic strength characterized by a low cleavage rate
and a significant amount of mis-cleavage (Figure 3A). In
contrast, when MRPP1/2 was present, the tRNA 3'-tail
was efficiently cleaved off under all experimental conditions
tested, with maximal cleavage efficiency under physiologi-

cal conditions (100-150 mM KCI) (Figure 3A). The mis-
cleavage of pre-tRNA™"(0,17) observed for ELAC2 under
low-ionic strength conditions was completely abolished in
the presence of MRPP1/2. For the heavy-strand substrate,
pre-tRNAHS(0,S), we observed a similar pattern, whereby
ELAC?2 alone cleaved only under non-physiological condi-
tions at very low ionic strength (Figure 3B). As in the case
of pre-tRNA™, in the presence of MRPP1/2 we observed
cleavage of pre-tRNAMS(0,S) under all experimental condi-
tions with maximum activity in the physiological salt range.
To test if the MRPP1/2 complex played a general role
in ELAC2 3'-tRNA processing, we analyzed the effect of
MRPP1/2 on ELAC2 activity for all 22 pre-tRNA sub-
strates present in human mitochondria. The results demon-
strated that for the large majority of human mitochon-
drial tRNAs, 3'-tail removal catalyzed by ELAC2 was en-
hanced in the presence of MRPP1/2 (Table 1 and Sup-
plementary Figure S1). Specifically, once the MRPP1/2
complex was present, the ELAC2-cleavage efficiency was
strongly enhanced for 12 tRNA substrates, and moder-
ately enhanced for five tRNA substrates. For the heavy-
strand substrate, tRNAMUUUR) " aq well as for the light-
strand substrates, tRNASerUCN) {RNAAY apnd tRNACI,
there were no significant differences with and without
added MRPP1/2 complex. Interestingly, ELAC2 activity
on tRNASeAGY)(0 tRNALUCUN)+15) was drastically in-
hibited in the presence of MRPP1/2. To confirm that it was
the MRPP1/2 complex, and not any of the individual pro-
teins, that supported the ELAC2-catalyzed removal of the
3'-tail, we also tested the activity of ELAC2 in the presence
of MRPP1, MRPP2 and MRPP1/2 complex. The results
confirmed that only the full MRPP1/2 complex supported
the ELAC2-cleavage reaction (Supplementary Figure S3).

tRINA remains bound to MRPP1/2 after ELAC2 cleavage

To investigate the interplay between MRPP1/2 and ELAC2
in more detail, we varied the relative concentrations of
the components. Specifically, we varied the concentrations
of ELAC2 and MRPP1/2 under physiological conditions
using pre-tRNA™7(0,17) as a substrate. We found that
ELAC?2 took part in multiple-turnover reactions, whereas
MRPP1/2 only performed a single-turnover reaction in
the RNase Z catalyzed tRNA 3'-processing (Figure 4A).
Further analysis using gel filtration revealed that the incu-
bation of a preformed MRPP1/2:pre-tRNAD'(5,6) com-
plex with MRPP3 and ELAC?2 resulted in the formation
of tRNA™(0,0), which remained attached to MRPP1/2
(Peak 1 in Figure 4B-D). Low amounts of ELAC2 also re-
mained bound to the resulting MRPP1/2:pre-tRNAT(0,0)
complex (Figure 4D and Supplementary Figure S4),
which suggests a weak interaction between ELAC2 and
MRPP1/2:pre-tRNAT(0,0) even after 3'-tail removal.

A similar pattern was observed for pre-tRNAHS(0,S),
where RNase Z processing of the His-Ser(AGY) junc-
tion released tRNAMS(0,0) and tRNASASY)(0,0). Here,
the ELAC2 activity declined below a 1:1 molar ratio
of MRPP1/2 to pre-tRNAHMS(0,S) (Figure 4E). ELAC2
was also able to process pre-tRNAHS(0,S) in the ab-
sence of MRPP1/2, but with a 125-fold reduction in
cleavage efficiency. Moreover, we treated a preformed
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Figure 4. Role of MRPP1/2 in RNase Z function on tRNAT" and tRNAHS. (A) RNase Z dilution experiments on pre-tRNATY"(0,17) (Y(0,17)). Top:
ELAC?2 dilution series (800-3.1 nM) in the presence of 800 nM MRPP1/2. Middle: MRPP1/2 dilution series (800-3.1 nM) in the presence of 50 nM
ELAC2. Bottom: ELAC?2 dilution series (800-3.1 nM) in the absence of MRPP1/2. The reactions were incubated for 1 h. The molar ratio of tRNA to
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respectively.
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Table 1. Level of support by MRPP1/2 on ELAC2 mediated 3'-tail removal

heavy-strand.

light-strand.

tRNA Effect of MRPP1/2 tRNA Effect of MRPP1/2
Phe(0,15) + Pro(0,15) +
Val(0,15) ++ Glu(0,15) ++
LeuYYR(0,15) +/- SerYeN(0,15) +/-
11e(0,15) + Tyr(0,17) ++
Met(0,15) + Cys(0,15) ++
Trp(0,15) ++ Asn(0,15) +/-
Asp(0,15) ++ Ala(0,15) ++
Lys(0,15) + GIn(0,15) +/-
Gly(0,15) +

Arg(0,15) ++

His(0,S)* ++

SerAGY(0,L;+15)P --

Leu€UN(0,15) +

Thr(0,15) ++

++strong enhancement of ELAC2 efficiency in presence of MRPP1/2.
+moderate enhancement of ELAC2 efficiency in presence of MRPP1/2.

+/-no significant difference in ELAC?2 efficiency in the absence or presence of MRPP1/2.

- -strong decrease of ELAC?2 efficiency in presence of MRPP1/2.
ag SerAGY

bLl, LeuCUN

See also Supplementary Figure S1.

MRPP1/2:pre-tRNAHS(0,S) complex with ELAC2, and
followed this by gel filtration analysis. The resulting
chromatogram showed two main peaks corresponding to
MRPP1/2:pre-tRNAHS(0,0) and free tRNAS(AGY)((,0)
(Peaks 2 and 3 in Figure 4F-H). Peak 3, which contains
free tRNAST(AGY)(0,0), also contained low amounts of
pre-tRNAH(0,0), presumably originating from carry-over
from Peak 2. Since the tRNAs studied above were from
tRNA clusters we tested if the 3’-processing of a single-
gene tRNA follows the same pattern. To this end, we var-
ied the concentrations of ELAC2 and MRPP1/2 under
physiological conditions using pre-tRNAA™2(0,15) from the
heavy strand as a substrate. Once again, we found that
ELAC?2 took part in multiple-turnover reactions, whereas
MRPP1/2 only performed a single-turnover reaction in the
RNase Z catalyzed tRNA 3'-processing and that MRPP1/2
very significantly enhanced ELAC2 catalyzed tRNA 3'-
processing (Supplementary Figure S2).

The order of tRINA processing is unchanged even in the pres-
ence of MRPP1/2

We had now shown for tRNA™"(0,17) and tRNAHS(0,S)
that MRPP1/2 was needed for both 5'- and 3’-tRNA matu-
ration. However, the mitochondrial tRNA processing order
was established in vivo or using mitochondrial extracts (29—
31) and not individually purified proteins in reconstituted
complexes as in the work presented here. To test whether
the RNA-processing order was altered by the presence of
MRPP1/2 during the 5'- and 3'-processing steps, we used
pre-tRNAT(38,17) and pre-tRNAMS(25 S) as substrates in
cleavage reactions with mitochondrial RNase P and RNase
Z. The results showed that the in vitro maturation of tRNA
continued to follow the canonical order (Figure 5SA and B).
Specifically, RNase P first had to remove the 5'-leader from
the pre-tRNA before ELAC2 was able to remove the 3'-
tail. This held true even in the presence of the MRPP1/2
complex and during prolonged incubation (90 min). How-
ever, for tRNASTAGY) (0 {RNALUCUNI+15) we found that
ELAC?2, in the presence of MRPP1/2, removed the 15 nu-

cleotide long 3’ tail from tRNAMUWCUN) even in presence
of the 5 uncleaved tRNASAGY) (Sypplementary Figure
SID),

MRPP1/2 retains tRNA during and after 3'-CCA addition

After establishing that MRPP1/2 retained the 5- and
3'-processed pre-tRNA resulting from the cleavage reac-
tions by MRPP3 and ELAC2, we continued by analyz-
ing the tRNA-binding capacity of MRPP1/2. To this
end, we reconstituted MRPP1/2:pre-tRNA complexes us-
ing pre-tRNAT" samples of different processing status (pre-
tRNAT'(5,6), pre-tRNAT(0,6), pre-tRNAD"(0,0) and
pre-tRNATT(0,CCA)). Using gel filtration, we found that
MRPP1/2 was able to form stable complexes with all
four tRNA maturation intermediates (Supplementary Fig-
ure S5). Since the MRPP1/2-complex was able to bind
pre-tRNATT(0,CCA), we asked whether MRPP1/2 also
plays a role in the ensuing CCA-addition reaction cat-
alyzed by the CCA-adding enzyme. To assess this, we an-
alyzed the activity of the CCA-adding enzyme on pre-
tRNAT(0,0) and pre-tRNAHS(0,0) in the absence and
presence of MRPP1/2 at low (30 mM) or physiological
(150 mM) salt concentrations (Figure 5C and D). We found
that at non-physiological, low salt concentrations, the CCA-
adding enzyme alone was error-prone; specifically, after 15
min of incubation, more nucleotides than the expected CCA
sequence were added to the pre-tRNA substrate. Further-
more, after 60 min incubation, severe hyperactivation with
long 3'-tails for pre-tRNAT" was observed. In the presence
of MRPP1/2, this hyperactivity was completely abolished.
At physiological salt concentrations, there was no difference
in the efficiency and fidelity of tRNA 3’-CCA addition re-
gardless of presence or absence of the MRPP1/2 complex.

To test if the 3'-CCA addition was performed on
MRPP1/2 bound pre-tRNA substrate, we treated a recon-
stituted MRPP1/2:pre-tRNA™"(0,0) complex with CCA-
adding enzyme in the presence of ribonucleotides, and ap-
plied the reaction mixture to a gel filtration column. A stable
complex between pre-tRNAT"(0,CCA) and the MRPP1/2
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Figure 5. Mitochondrial tRNA processing order and CCA-adding enzyme modify MRPP1/2 bound tRNA. (A and B) Processing order of RNase P and
RNase Z on pre-tRNATY (38,17) (Y (38,17)) (A) and pre-tRNAHS(25.S) (H(25,S)) (B). For activity measurements, 800 nM MRPP1/2, 50 nM MRPP3
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complex could be unambiguously confirmed (Peak 1 in
Figure 5SE-G). The CCA-adding enzyme in Peak 2 eluted
in the same volume as free CCA-adding enzyme. There
was a small amount of pre-tRNAT"(0,CCA) visible also
in Peak 2 (Peak 2 in Figure 5E-G), which is presum-
ably a tailing effect from Peak 1. In summary, these re-
sults showed that the CCA-adding enzyme can perform
multiple turnover reactions on mitochondrial tRNA sub-
strates bound to MRPP1/2, leaving behind a stable reac-
tion product of 5- and 3’-mature pre-tRNA still bound
to the MRPP1/2 complex. Further analysis of the three
core processing reactions on both pre-tRNA™" (38,17) and
pre-tRNAH(25 Sy —including R Nase P cleavage, RNase Z
cleavage and 3’-CCA addition—confirmed that the pres-
ence of the CCA-adding enzyme did not enable MRPP1/2
to perform multiple turnover reactions (Supplementary
Figure S6).

DISCUSSION

Here, we have shown that the MRPP1/2 complex is not
only an essential component of the mitochondrial RNase
P complex (12,19), but that it is also important for the en-
suing tRNA 3'-tail removal by ELAC2, at least in vitro and
for the majority of human mitochondrial tRNAs. Further-
more, for two representative tRNAs, 3'-CCA addition cat-
alyzed by the CCA-adding enzyme can be performed while
the substrate tRNA is bound to the MRPP1/2 complex.
The MRPP1/2 complex thereby plays an unexpectedly ver-
satile role as a processing platform in human mitochondrial
tRNA maturation.

To investigate the role of MRPP1/2 in the core process-
ing steps of human mitochondrial tRNA maturation, we se-
lected two representative tRNA samples: tRNA™" from the
light-strand and tRNAM from the heavy-strand. For these
two tRNAs, the MRPP1/2 complex of RNase P binds stoi-
chiometrically to substrate tRNA, enables cleavage by sub-
stoichiometric amounts of MRPP3 and then retains the 5'-
mature tRNA product for 3'-tRNA processing (Figures 1
and 2). In the subsequent 3’-processing step, the MRPP1/2
complex ensures efficient and specific cleavage by ELAC2
under all conditions tested, whereas ELAC?2 by itself lacked
both efficiency and specificity (Figure 3). Similar to our ob-
servations regarding the RNase P reaction, MRPP1/2 binds
the tRNA substrate stoichiometrically, and the tRNA prod-
uct remains bound to MRPP1/2 as ELAC2 performs multi-
ple turnover reactions (Figure 4). Even though the presence
of MRPP1/2 drastically enhances the activity of ELAC2,
the tRNA maturation still follows the canonical order in
which the 5'-processing precedes the 3'-processing (Figure
5A and B).

We then expanded our analysis to all mitochondrial tR-
NAs, showing that under physiological salt conditions, 17
of the 22 tRNAs required MRPP1/2 for efficient and spe-
cific 3'-cleavage (Table 1 and Supplementary Figure Sl1).
Hence, for the majority of human mitochondrial tRNAs,
the MRPP1/2 complex is a general factor required for both
5’-and 3’-tRNA processing. To our knowledge, all previous
studies have used artificially low-ionic strength buffers to
investigate ELAC2-based 3'-cleavage (22,32-34). We note
that conditions of low ionic strength promote partial un-

folding of tRNA (35), which may explain the unspecific
cleavage that we observe for tRNA™" (Figure 3A). More-
over, under low ionic-strength conditions, the specificity
and overall efficiency of ELAC?2 is greatly reduced relative
to its activity under physiological conditions when supple-
mented with MRPP1/2.

Interestingly, there are four mitochondrial tRNAs for
which there was no difference in the 3'-processing efficiency
in the absence and presence of MRPP1/2. These include the
heavy-strand substrate tRNAMUUUR) a5 well as the light-
strand substrates tRNASe(UCN)  {RNAAS" and tRNAC™M,
Thus, either the MRPP1/2 complex is not required to sup-
port the ELAC2-based 3'-processing in these few cases,
or our experimental setup is not sensitive enough to al-
low visualization of this difference (e.g. a time issue). For
tRNASUCN) this might be explained by the short D-loop
and the slightly extended anti-codon stem but most proba-
bly not dependent on the lack of N'-methylation of A/G at
position 9 since ELAC2-processing of tRNAMet which con-
tains a C at position 9, is strongly enhanced by MRPP1/2.
There is a trend that the unsupported light-strand tRNA
substrates tRNASTUCN) {RNAA and tRNAC™ contain
G as the discriminator base. This trend is, however, con-
tradicted by the observation that tRNATP, which also con-
tains a G as the discriminator base, is strongly supported
by MRPP1/2 during 3'-processing. The experiments in this
study were performed in the presence of SAM to ensure that
the tRNA substrates were not bound to MRPP1/2 because
of a lack of methylation at position 9. Moreover, the tRNA
processing efficiency of ELAC2 does not correlate with the
location of the tRNA in the genome.

We characterized the processing mechanism of the tightly
packed tRNA cluster His-Ser(AGY)-Leu(CUN) from the
heavy-strand, in which the three tRNAs directly follow
each other. Our data are consistent with previously re-
ported observations that pre-tRNASTASY) g released in-
directly following ELAC2-processing of pre-tRNAHS and
cleavage of tRNAMUCUN) by RNase P (30) (Figures 2C
and 3B). The observation that MRPP1/2 does not bind
tRNASTAGY) quring gel filtration experiments leads us to
postulate that MRPP1/2 controls the processing mecha-
nism of the His-Ser(AGY)-Leu(CUN) cluster as it recog-
nizes tRNALUCUN) and tRNAHS and thereby supports
the cleavage reactions catalyzed by mitochondrial RNase
P and RNase Z, respectively, the consequence of which en-
ables the release of tRNASAGY) [t is notable in this con-
text that tRNASASY) exhibits a truncated cloverleaf struc-
ture with absence of the D-arm and an extended anticodon
stem (36). This unusual arrangement might be responsi-
ble for the failure of MRPP1/2 to recognize tRNASHAGY),
providing a potential hint to the importance of the D-arm
for tRNA interaction with the MRPP1/2 complex. Inter-
estingly, processing of the Ser(AGY)-Leu(CUN) junction
by ELAC?2 is possible, but is severely inhibited in the pres-
ence of MRPP1/2 (Supplementary Figure S1), potentially
through the binding of MRPP1/2 to tRNAMUCUN) We fyr-
ther observed that in the presence of MRPP1/2, ELAC2
was capable of removing the 3'-tail from tRNALU(CUN)
even in the presence of tRNASMAGY) at its §'-end, yet with
a significantly reduced cleavage rate (Supplementary Fig-
ures S1C and D). This peculiar observation contradicts



the canonical processing order in which RNase P precedes
RNase Z processing (24,30).

The last core processing step, 3'-CCA addition by the
CCA-adding enzyme, is required for all human mitochon-
drial tRNAs. In this study, we have shown that the CCA-
adding enzyme can perform the 3'-CCA addition while the
tRNA substrate remains bound to MRPP1/2 (Figure 5). In
contrast to MRPP3 and ELAC2, the presence of MRPP1/2
is not essential for the activity of the CCA-adding en-
zyme. Importantly, it has been reported previously that the
mammalian mitochondrial CCA-adding enzyme does not
strictly recognize the conserved T-loop sequence, which is
one of the major recognition element for most CCA-adding
enzymes from other organisms (28). This altered recogni-
tion mechanism may explain why the human mitochondrial
CCA-adding enzyme can process MRPP1/2-bound tRNA
substrates. Still, we were surprised to see that 3'-CCA ad-
dition did not release the tRNA from MRPP1/2 (Figure
SE-G) even if the affinity is slightly lower for tRNATY" with
CCA addition than without (Supplementary Figure S5D).
The question remains as to how and when does the tRNA
leave the MRPP1/2 complex. To answer this question,
the roles of aminoacyltransferases, or tRNA-modifying en-
zymes, will need to be evaluated in future experiments.

Our results allow us to propose an interaction mode be-
tween MRPP1/2 and its pre-tRNA substrates. Firstly, the
recognition of the pre-tRNA substrate does not seem to in-
volve recognition of the 5'- and 3’-ends. This appears rea-
sonable from a steric point of view, because only then would
the termini be accessible for other processing enzymes. Fur-
ther, we speculated above that the D-arm may be crucial
for tRNA-recognition by MRPP1/2. Possibly, MRPP1/2
directs the temporal order of processing events while sta-
bilizing the structurally diverse mitochondrial tRNAs until
fully processed.

For mitochondrial RNase P-based removal of the 5'-
leader, we have previously suggested that MRPP1/2 in-
duces, and stabilizes, structural rearrangements in MRPP3
that lead to its activation (19). In addition to protein—
RNA interactions, this is expected to involve specific
protein—protein interactions. Moreover, human mitochon-
drial ELAC?2 is not the only RNase Z whose activity is in-
fluenced by other proteins. Yeast La homologous protein
1 (Lhplp) is required for tRNA 3’-processing by acting as
an RNA chaperone that facilitates correct folding of certain
pre-tRNAs to allow subsequent endonucleolytic processing
(37,38). Considering the structural complexity of human
mitochondrial tRNAs, including intricate modification pat-
terns (39,40), the need for a stable processing platform, such
as that offered by MRPP1/2, would seem advantageous and
reasonable. It remains to be investigated whether other mat-
uration enzymes, such as methyltransferases and aminoa-
cyltransferases, are also able to use MRPP1/2-bound tRNA
as substrate. Noteworthy, the interaction of MRPP1/2 with
ELAC2 and CCA-adding enzyme is supported by the com-
plex formation of MRPP1 with ELAC2 and CCA-adding
enzyme using affinity-capture mass spectrometry (41) as
well as of MRPP2 with ELAC2 by co-fractionation (42).
Further, ELAC2 and RNase P components co-localizes in
vivo in the mitochondrial DNA nucleoids (10).
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Mutations in MRPP1/2 have been linked to a range of
diseases (43-46). Until now, the effects of mutations have
been placed in relation to either the function of MRPP2
(which also performs other metabolic functions), or to
an influence on mitochondrial RNase P function (24,43—
45,47,48). Additionally, in previous in vivo work, it has
been found that patterns of mitochondrial RNA process-
ing intermediates observed when MRPP1 or MRPP2 were
knocked down or out clearly differed from patterns ob-
served when MRPP3 was knocked down or out (45,47,49).
Though this was clearly observed and noted as putative dis-
tinct functions for MRPP1/2 in mitochondrial RNA pro-
cessing outside their role in the RNase P complex, there
was, until now, no molecular basis for this aberrant RNA
processing.

The results presented here show that the MRPP1/2 com-
plex plays an important role in downstream mitochondrial
tRNA processing and this should be carefully considered in
the future when evaluating the effects of MRPP1/2 muta-
tions on 5'-cleavage, 3'-cleavage, 3'-CCA addition and most
probably other steps along the tRNA maturation pathway.
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