| {é;{iltopia

Biochem. J. (2010) 430, 551-558 (Printed in Great Britain)  doi:10.1042/BJ20100757

551

27line ad™

Human ERAL1 is a mitochondrial RNA chaperone involved in the assembly
of the 28S small mitochondrial ribosomal subunit
Sven DENNERLEIN, Agata ROZANSKA, Mateusz WYDRO', Zofia M. A. CHRZANOWSKA-LIGHTOWLERS? and

Robert N. LIGHTOWLERS?
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The bacterial Ras-like protein Era has been reported previously
to bind 16S rRNA within the 30S ribosomal subunit and to play a
crucial role in ribosome assembly. An orthologue of this essential
GTPase ERAL1 (Era G-protein-like 1) exists in higher eukaryotes
and although its exact molecular function and cellular localization
is unknown, its absence has been linked to apoptosis. In the present
study we show that human ERALLI is a mitochondrial protein
important for the formation of the 28S small mitoribosomal
subunit. We also show that ERALI1 binds in vivo to the rRNA
component of the small subunit [12S mt (mitochondrial)-rRNA].
Bacterial Era associates with a 3’ unstructured nonanucleotide
immediately downstream of the terminal stem—loop (helix 45)
of 16S rRNA. This site contains an AUCA sequence highly
conserved across all domains of life, immediately upstream of the
anti-Shine-Dalgarno sequence, which is conserved in bacteria.

Strikingly, this entire region is absent from 12S mt-rRNA. We
have mapped the ERAL1-binding site to a 33 nucleotide section
delineating the 3’ terminal stem-loop region of 12S mt-rRNA.
This loop contains two adenine residues that are reported to be
dimethylated on mitoribosome maturation. Furthermore, and also
in contrast with the bacterial orthologue, loss of ERALI leads
to rapid decay of nascent 12S mt-rRNA, consistent with a role
as a mitochondrial RNA chaperone. Finally, whereas depletion
of ERAL1 leads to apoptosis, cell death occurs prior to any
appreciable loss of mitochondrial protein synthesis or reduction
in the stability of mitochondrial mRNA.

Key words: Era G-protein-like 1 (ERALL), mitoribosome,
ribosome assembly, rRNA, translation.

INTRODUCTION

Mammalian mitochondria possess their own genome, mtDNA
(mitochondrial DNA), which encodes 13 proteins and all of the 24
RNA components necessary to drive intramitochondrial protein
synthesis [1]. The remaining proteins required for this process,
including all the protein components of the mitoribosome, are
nuclear encoded, translated in the cytosol and imported into the
organelle. Correct mtDNA expression is essential for all obligate
aerobes, as these polypeptides constitute vital members of the pro-
tein complexes that couple oxidative phosphorylation. Protein
synthesis is facilitated by the mitoribosome (i.e. the mitochondrial
ribosome), whose assembly and molecular mechanisms are
still largely uncharacterized. The mammalian 55S mitoribosome
differs substantially from its 70S and 80S counterparts found in
prokarya and the eukaryotic cytosol respectively [2,3]. Whereas
it has minimized its rRNA components, it has extended its
polypeptide constituents with the result that, although its overall
mass is slightly greater than that of the bacterial ribosome (approx.
2.7MDa), it has a decreased density. Thus the mt (mitochondrial)-
SSU (small subunit) and mt-LSU (large subunit) are designated
28S and 39S respectively, generating a complete monosome of
55S. A highly purified bovine 55S mitoribosomal particle has been
resolved to 13.5 A (1 A=0.1nm) by cryoelectron microscopy.

This indicates the positions of the shorter 12S and 16S mt-rRNA
constituents relative to the 29 and 48 polypeptides within the mt-
SSU and mt-LSU respectively [2]. It is possible, however, that
a small number of less tightly associated bona fide members
may have been lost during purification. Indeed, there is still
some discussion as to the possible mitoribosomal association of
a 5S rRNA species, which has been shown to be imported into
mammalian mitochondria [4,5].

The assembly pathway of the mammalian mitoribosome is
uncharacterized. It is believed that as many as 200 proteins
are required to assemble the 80S ribosome in the yeast cytosol
[6]. Bioinformatic analyses, however, suggest that mitoribosomal
assembly may require only a minimal number of factors, more
related to the situation in bacteria [7]. In an attempt to identify
factors loosely associated with mitoribosomes, we recently
performed a proteomic analysis of particles immunoprecipitated
by the mtRRF (mitochondrial ribosome recycling factor) [8]. In
addition to almost an entire set of mitoribosomal proteins, we
identified nucleoid components and other proteins of unknown or
diverse function. One of these proteins ERAL1 (Era G-protein-
like 1), is the human orthologue of the Escherichia coli Ras-like
protein Era [9]. In bacteria, this GTPase has been reported to
be essential for cell division [10]. More recently, Era has been
shown to bind via its C-terminal KH (K homology) domain
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to the 30S small ribosomal subunit near to the 3’ terminus
of the 16S rRNA [11,12]. These elegant X-ray diffraction and
cryoelectron microscopy studies show Era bound either to an
oligoribonucleotide or to the entire 30S subunit lacking ribosomal
protein S1. Era both occludes the binding site for S1 and
inhibits the interaction of the SD (Shine-Dalgarno) sequence
of mRNAs with the anti-SD sequence at the 3’ terminus of the
mature 16S rRNA, each of which are required for translation
initiation. Taken together, these results predict that Era plays an
essential role in ribosome maturation and quality control. The few
reports on the mammalian orthologue ERALI, have suggested
that it is a membrane-bound protein possibly associated with the
endoplasmic reticulum [13] and that depletion led to growth arrest
and apoptosis [14]. These latter functions were attributable to the
conserved RNA-binding KH domain.

In the present study we show that ERAL1 is an essential
mitochondrial protein. In a similar fashion to the bacterial
orthologue, it associates mainly with the 28S mt-SSU where it acts
as a chaperone for the 12S mt-rRNA, binding at the 3’ terminal
stem—loop region. Depletion of ERALLI leads to 125 instability
and a consequent loss of newly synthesized 28S subunits. We were
able to confirm apoptosis, but intriguingly this occurred prior to
any appreciable effect on mitochondrial protein synthesis or on
the steady-state level of most mt-mRNAs.

EXPERIMENTAL
Cell culture

Human HeLa cells were propagated in Eagle’s MEM (minimal
essential medium; Sigma-—Aldrich), supplemented with 1 x
NEAA (non-essential amino acids), 10% (v/v) FBS (fetal
bovine serum) and 2 mM L-glutamine, at 37°C under a 5%
CO, humidified atmosphere. Osteosarcoma cells (143B.206
rho®) were provided by Professor R. Wiesner, Center for
Molecular Medicine, University of Cologne, Germany, and
were cultured in DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10 % (v/v) FBS, 50 wg/ml uridine and 1 x
NEAA. Flp-In™T-Rex™-293 cells {HEK-293T [HEK (human
embryonic kidney)-293 cells expressing the large T-antigen of
SV40 (simian virus 40)]; Invitrogen} were grown in identical
medium supplemented with 10 pg/ml Blasticidin S (Invitrogen).
Post-transfection selection was effected with Hygromycin B
(100 pg/ml). Growth curve analyses were performed in glucose
medium.

Cell lysate, mitochondrial preparation and fractionation

Production of mitochondria and cell lysates were essentially as
described in [15]. HEK-293T cells were homogenized on ice.
Aggregates were removed by centrifugation at 400 g for 10 min
at 4°C. Mitochondria were precipitated via centrifugation at
11000 g for 10 min at 4°C. The post-mitochondrial supernatant
was used for further analysis. Proteinase K treatment was carried
out in a 50 ul volume of isolation buffer (10 mM Tris/HCI,
pH 7.4, 0.6 M mannitol, 1 mM EGTA and 0.1 % BSA), lacking
BSA, containing 30 g of freshly isolated mitochondria and the
appropriate amount of proteinase K. Reactions were incubated
on ice for 30 min, stopped by the addition of 2 mM PMSF, and
mitochondria were then washed twice in 1 ml of the isolation
buffer (without BSA) and re-suspended in the desired buffer.
Where necessary, mitochondria were solubilized by the addition
of 1% (v/v) Triton X-100.
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Production of FLAG-tagged constructs, transfection and expression

The original human ERALI1 clone was obtained from the
MGC (mammalian gene collection; clone 4893068; accession
number BC019094). All constructs were prepared by PCR
using the MGC clone as a template. Constructs to facilitate
inducible expression of C-terminally FLAG-tagged ERALI1
were prepared by generating an amplicon using the following
primers: forward 5'-ctctctggatccatggetgeccecagetg-3' and reverse
5'- cteteeggatecctacttatcgtegtcatecttgtaatcettgaggagcettcacagag-3'
(the ATG start codon is in bold; the BamH]1 restriction site is
in italics). The original human MRPS26 (mammalian ribosomal
protein S26) clone was obtained from MGC (clone 3051126; ac-
cession number BC013018). All constructs were prepared by PCR
using the MGC clone as a template. Constructs to facilitate in-
ducible expression of C-terminally FLAG-tagged MRPS26 were
prepared by generating an amplicon using the following primers:
forward 5'-tactatggatccaccatgctacgcgegetgag-3' and reverse 5'-
atactactcgagctacttatcgtcgtcatecttgtaatcggagteectgegttgtgg-3' (the
ATG start codon is in bold; BamH]1 and Xhol restriction sites are
in italics). Amplicons and pcDNAS5/FRT/TO (Invitrogen) were
digested with appropriate restriction enzymes and ligated. Fidelity
and orientation were confirmed by sequence analysis. The human
HEK-293T cells were transfected at ~50 % confluency with the
vectors pOG44 and pcDNAS/FRT/TO containing sequences of
the genes to be expressed [FLAG-tagged ERAL1, MRPS27,ICT1
(immature colon carcinoma transcript 1)] as described previously
[16].

Affinity purification and elution of FLAG-tagged polypeptides

For affinity purification either cell lysates or mitochondria from
HEK-293T cells expressing FLAG-tagged derivatives were used.
Cell lysates were prepared in lysis buffer [SO mM Tris/HCI,
pH7.4, 150mM NaCl, 10mM MgCl,, I mM EDTA, 1%
(v/v) Triton X-100, 1 x protease inhibitor cocktail (Roche) and
1 mM PMSF], and mitochondrial preparations were as described
above. Mitochondrial preparations were treated with DNase I
(0.5 units/mg of mitochondria) for 15 min at room temperature
(22°C), and proteinase K (5 pg/mg of mitochondria) for 30 min
at4°C, reaction were then stopped by the addition by 1 mM PMSF.
Pelleted mitochondria were washed (in homogenization buffer),
digitonin-treated to remove the outer membrane (400 pg/mg of
mitochondria), washed and finally resuspended in lysis buffer.
Immunoprecipitation was effected with anti-FLAG M2-agarose
affinity gel as recommended by the manufacturer (Sigma—
Aldrich), followed by specific elution using 5 ug of 3 x FLAG
peptide per 100 ul of elution buffer.

Isokinetic sucrose gradient analysis

Total cell lysates (0.5-0.7 mg in lysis buffer) or eluted IPs
(immunoprecipitations) were loaded on to a linear sucrose gradi-
ent [1 ml, 10-30% (v/v)] in 50 mM Tris/HCl, pH 7.2, 10 mM
magnesium acetate, 40 mM NH,Cl, 0.1 M KCI, 1 mM PMSF
and 50 pg/ml chloramphenicol, and with a Beckman OptimaTLX
bench ultracentrifuge, using a TLSS5S rotor at 39000 rev./min for
135 min at 4°C. Fractions (100 wl) were collected and analysed
by Western blot or by silver staining. For Western blot analysis,
proteins from cell lysate, following sucrose-gradient separation,
or after immunoprecipitation and elution, were separated by
SDS/PAGE and transferred on to PVDF membranes as described
in [8]. After binding of primary antibodies, visualization of
specific proteins was facilitated with horseradish-peroxidase-
conjugated secondary goat or mouse IgG (both Dako), using ECL
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(enhanced chemiluminescence) Plus reagents (GE Healthcare)
using a Storm 860 (GE Healthcare) Phosphorlmager or by
exposure to standard autoradiographic film. The following rabbit
polyclonal antibodies were used: anti-ERALI1, -MRPS25, -
MRPS18B (Protein Tech Group, catalogue numbers: 11478,
15277, 16139), anti-GDH (glutamate dehydrogenase) (in-house
production), anti-MRPL3 (Abcam; catalogue number AB39268).
Mouse monoclonal antibodies against: DAP3 (death-associated
protein 3), HSP70 (heat-shock protein 70), MRPL12 (Abcam;
catalogue numbers AB11928, AB2799, AB58334), B-actin
(Sigma—Aldrich; catalogue number A1978), porin, COX2 (cyclo-
oxygenase 2) (Invitrogen, catalogue numbers A33319A, A6404),
NDUFA9 [NADH dehydrogenase (ubiquinone) 1 « subcomplex
9] and NDUFBS8 [NADH dehydrogenase (ubiquinone) 1 pB
subcomplex 8] (Mitosciences U.S.A.; catalogue numbers MS111,
MS105) were used. For silver staining polyacrylamide gels were
fixed in 50 % methanol for 1 h, followed by a 15 min incubation in
staining solution [0.8 % AgNO; 1.4 % (v/v) NH,OH and 0.075 %
NaOH], the washes of 5 min in nanopure distilled water, and then
developed in 0.055 % formaldehyde/0.005 % citric acid and fixed
in 45 % methanol/10 % acetic acid.

siRNA (small interfering RNA) constructs and transfection

Three sequences targeting ERAL1 were tested for effi-
ciency of protein depletion: siORF1 (+702) 5-GUGUCCUG-
GUCAUGAACAA; siORF2 (+1096), 5-GGAGGUGCC-
UUACAAUGUA; siUTR (+ 1698), in the 3'-UTR (untranslated
region), 5'-CCUUGAACUUGGAUAAGAA (starting nucleotide
positions are relative to sequence NM_005702; sense sequence
only given). Transfections were performed on 20 % confluent
HeLa cells with Oligofectamine (Invitrogen) in Opti-MEM-I
medium (Gibco) with 0.2 uM siRNA. Reverse transfections were
performed as described in [17] on approx. 12000 HEK-293T cells
per cm? with Lipofectamine™ RNAIMAX (Invitrogen) in Opti-
MEM-I medium (10-33 nM siRNA). Custom and control non-
targeting (N'T; OR-0030-neg05) duplex siRNAs were purchased
pre-annealed from Eurogentec.

Northern analysis

RNA was isolated with TRIzol® as recommended by the supplier
(Invitrogen). Northern blots were performed as described in
[18]. Briefly, aliquots of RNA (4 ug) were electrophoresed
through 1.2 % (w/v) agarose under denaturing conditions and
transferred on to GenescreenPlus membrane (NEN duPont)
following the manufacturer’s protocol. Radiolabelled probes
were generated using random hexamers on PCR-generated
templates corresponding to internal regions of the relevant
genes.

Identification of oligoribonucleotides bound in vive [CLIP
(cytoplasmic linker protein) assays]

Assays were performed essentially as described in [19]. Briefly,
cells expressing ERAL1 were grown to ~80 % confluency
in four 15 cm?® plates, washed in PBS and UV-irradiated at
400 mJ/cm? in a Stratalinker (Stratagene). To ensure only
short protected RNA species remained, cells were lysed, the
bound RNP (ribonucleoprotein) was treated with RNase T1
and ERAL1 RNP was immunoprecipitated as above. Bound
RNA was dephosphorylated and ligated to the 3’ linker as
described in [19]. To visualize the complex, the 5’ termini
were incubated with [y-**P]JATP (3000 Ci/mol, PerkinElmer)

and PNK (T4 polynucleotide kinase; New England Biolabs),
separated by SDS/PAGE (10 % Novex precast gels), transferred
on to nitrocellulose (BA-85 Whatman) and subjected to
autoradiography. For RNA isolation, bound RNP was cut from
the nitrocellulose, protein was degraded with proteinase K and
the RNA precipitated following phenol/chloroform extraction.
Ligation of the 5’ terminus, reverse transcription and PCR
amplification were as described previously [19]. PCR products
were ligated into pCR4-TOPO and inserts sequenced from
individual clones (ABI 3130XL).

In vivo mitochondrial protein synthesis

Analysis of mitochondrial protein synthesis in cultured cells
was performed as described previously [20] after addition of
emetine and was pulsed with [**S]methionine/cysteine for 30 min.
Samples (50 pg) were separated by SDS/PAGE (15 % gels) and
gels were exposed to Phosphorlmage cassettes and visualized
using ImageQuant software (GE Healthcare).

Analysis of apoptosis

The proportion of apoptotic cells was analysed using the APO-
DIRECT kit (BD Biosciences) following the manufacturer’s
protocol. Labelling reactions were performed on 0.5 x 10° cells
and FACS analysis performed on a three laser beam (633 nm,
488 nm and 405 nm) FACSCanto II (Becton Dickinson). Terminal
deoxynucleotidyl transferase, used to detect the DNA strand
breaks, was conjugated to FITC and measured from the excitation
of the 488 nm laser and collected using a 530/30 bandpass PMT
(photomultiplier tube) filter; 5000—10000 cells were counted per
analysis.

Statistical analysis

Where significance values are shown, P values were calculated
using an unpaired Student’s ¢ test.

RESULTS

ERAL1 is a mitochondrial protein that associates with the small
288 subunit of the mitoribosome

To assess the cellular distribution of ERAL1, human HEK-
293T cells were separated into cytosolic and mitochondrial
fractions. Western blots revealed a strong co-localization with
the crude mitochondrial fraction with no signal in the cytosol
or nucleus (Figure 1A, left-hand panels). As it is formally
possible that ERAL1 localizes to the mitochondrial periphery
and remains associated with the mitochondrial outer membrane
on subfractionation, isolated intact mitochondria were subjected
to increasing amounts of proteinase K to remove co-purifying
contaminants. As shown in Figure 1(A) (right-hand panel),
ERALI1 remains resistant to the protease, similar to the
mitochondrial matrix marker, GDH. Both proteins were digested
after detergent solubilization of the organelles. A similar pattern
was observed with subfractionated HeLa cells (results not shown).
These results are consistent with ERAL1 being a mitochondrial
protein, potentially within the mitochondrial matrix.

As Era, the bacterial orthologue of ERALI, has been shown
to play an important role in ribosome assembly, we next
determined whether ERALI1 associates with mitoribosomal
subunits. Following fractionation of HeLa cell lysates by sucrose
gradients, a small population of ERALI was found in the lowest
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Figure 1 ERAL1 associates with the 288 mt-SSU

(A) Left-hand panel: Western blot analysis, with the indicated antibodies, of HEK-293T cells
subfractionated into nuclear (N) or cytoplasmic (Cp) compartments, with the latter fraction
further divided into mitochondrial (M) and cytosolic (Cs) fractions. Equivalent volumes of each
fraction are loaded. Right-hand panel: mitochondria (30 1¢g) were pretreated with the indicated
amounts of proteinase K and solubilized with Triton X-100 or subjected directly to Western
blot analysis with the indicated antibodies. (B) Hela cell lysate (0.7 mg) was separated by
isokinetic gradient centrifugation as detailed in the Experimental section, prior to fractionation
and Western blot analysis to indicate the position of mitoribosomal subunits (DAP3 for 28S
mt-SSU; MRPLS for 39S mt-LSU). The blot is representative of three independent repeats. (C)
Eluted immunoprecipitate from mitochondria of cells expressing MRPS27—FLAG were separated
by isokinetic gradient centrifugation and fractions were silver-stained (upper panel) or subjected
to Western blotting with the indicated antibodies (lower panels). 285 mt-SSU, grey circle; 39S
mt-LSU, black hexagon. Gels are representative of two independent repeats.

density fractions, whereas the majority appeared to co-localize
with DAP3, a marker of the mt-SSU (Figure 1B). Separation
of the 28S mt-SSU and 39S mt-LSU by isokinetic gradient
centrifugation is robust, but the complete 55S monosome is often
not detectable. However, by IP of the mitoribosome followed by
similar gradient centrifugation, it has been recently reported that
the monosome can be detected [20]. To assess whether ERALL1
binds only to the mt-SSU and not the intact monosome, a FLAG-
tagged component of the 28S subunit, MRPS27 was inducibly
expressed in human HEK-293T cells. Following IP, the bound
complexes were eluted and separated through a similar 10-30 %
isokinetic gradient (Figure 1C). Under these conditions, ERALI1
was mainly visible in fractions 4 and 5, co-migrating with DAP3.

© The Authors Journal compilation © 2010 Biochemical Society

As expected, no 39S subunit is precipitated alone, but DAP3, along
with the 39S subunit markers MRPL3 and MRPL12, are visible
in fractions 8 and 9, marking the 55S monosome (Figure 1C) with
minimal ERALI associated.

Depletion causes a loss of de novo mt-SSU formation

ERALLI associates selectively with the mt-SSU, suggesting it
may play a role in late 28S assembly. Depletion of ERALI,
would be predicted to result in a reduction of newly formed 288,
while having no effect on 39S mt-LSU formation. Therefore, to
investigate the effect of ERALI loss on mitoribosome formation,
siRNA was used to deplete the protein in cells prior to induction
of either a FLAG-tagged component of the 28S (MRPS26) or 39S
(ICT1) subunit. Three independent siRNA molecules were able
to deplete ERAL1 (Figure 2A). Further experiments were per-
formed with siORF1, directed at the open reading frame, after
the likelihood of off-target effects was determined to be minimal
(see below). Cells were treated with siORF1 for 24 h prior to
induction of FLAG-tagged mitoribosomal protein for a further
2 days. Interestingly, similar signals were apparent in control
and ERALI-depleted samples for protein components of the
28S subunit following ICT1 IP. This suggests that the levels of
complete mitoribosome in the control (NT) and ERAL1-depleted
(ORF1) cells were similar (Figure 2C). In contrast, markers of
both the small and large subunit in the MRPS26 IP were markedly
decreased, consistent with a substantial reduction in 28S assembly
in the absence of ERAL1 (Figure 2B). Taken together, these
results infer that although little nascent 28S subunit is being made
after loss of ERALI1, mitoribosome formation is still maintained
during the depletion period, presumably due to re-use of 28S
mt-SSU that had been assembled prior to ERAL1 depletion.
How does ERAL depletion prevent 28S subunit assembly? In
bacteria, Era may play a role in maturation of the 16S rRNA,
through binding to the larger pre-16S species associated with the
30S ribosomal subunit and by promoting cleavage by various
RNases [12]. Human mt-rRNAs are matured from a discrete
polycistronic unit, although it is believed that this is mediated
by folding of mt-tRNAs that flank both the 12S and 16S mt-
rRNAs respectively [21]. To assess the quantity and quality of
mitochondrial RNAs, Northern blots were performed after the
siRNA treatment of cells (Figure 2D). Depletion of ERALI1 led
to a minor increase in the steady-state levels of most mt-mRNAs
analysed, with a substantial increase in MTND2 (mitochondrially
encoded NADH dehydrogenase 2) and MTND3. Essentially no
effect on stability could be measured (Supplementary Figure
S1 at http://www.BiochemlJ.org/bj/430/bj4300551add.htm). The
most profound observation, however, was the selective loss
of 12S mt-rRNA (Figure 2D, MT-RNR1), consistent with the
reduction in 28S mitoribosomal subunit. As 16S mt-rRNA is not
depleted (Figure 2D, MT-RNR2) and is produced from the same
polycistronic unit, it can be concluded that loss of ERALI leads
to a rapid and specific degradation of 12S mt-rRNA.

ERAL1 is an RNA chaperone for the 128 mt-rRNA

The degradation of 12S mt-rRNA may be mediated by the
lack of mitoribosome assembly; conversely it may the loss of
RNA stability that leads to a mitoribosomal assembly defect.
The bacterial Era has been shown to bind 16S rRNA and
the human orthologue ERAL1 contains an RNA-binding KH
domain. Previously, this KH domain had been shown to be
capable of binding RNA, although the target species was
unknown [13]. In contrast, the RNA sequence to which the
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Figure 2 ERAL1 is required for assembly of the 288 small mitoribosomal subunit

(A) Western blot of HEK-293T cell lysate (5, 10 or 15 1) pretreated with NT or three independent ERAL1-targeted SiRNAs for 3 days and probed with anti-ERAL1 or anti-B-actin antibodies. UTR,
siRNA targeting the the 3'-UTR of Eral1; ORF1 and ORF2, siRNAs targeting regions of the open reading frame. In all further siRNA experiments, depletion of ERAL1 was confirmed by Western
blotting. (B) Western blot of immunoprecipitate from cells expressing MRPS26—-FLAG following 3 days of non-targeting (NT) or ERAL1-depletion (ORF1) siRNA. Position of mitoribosomal subunits
are indicated with the markers DAP3, MRPS18B and MRPS25 for the28S mt-SSU, and MRPL3 and MRPL12 for the 39S mt-LSU. Quantification was performed on three independent experiments.
On each occasion, signals were normalized to levels of MRPS26 in the immunoprecipitate. Results are means + S.D. (C) Western blot of immunoprecipitate from cells expressing ICT1-FLAG.
Experimental details and data analysis as described for panel (A) (n=3). (D) Northern blot of 4 14 of RNA isolated from HEK-293T cells treated with si-NT or following ERALT depletion (si-ORF1)
for 4 days. RNA from four independent experiments is shown. Probes highlight transcripts encoding components of complex | (MTND2), complex Il (MTCYB; mitochondrially encoded cytochrome
b)and complex IV (MTCO3, COX3) as well as both 16S (MT-RNR2) and 12S (MT-RNR1) mt-rRNAs. A probe to human 18S rRNA is shown as a loading and quality control (18S). The quantification
is shown for 14 independent transcripts from four repeats. Results are means + S.D. ***P < 0.001, **P < 0.01, *P < 0.05.

bacterial protein binds has been clearly identified. It is an
unstructured nonanucleotide finishing only two nucleotides from
the 16S 3’ terminus and contains the CCUCC anti-SD sequence
that is not present in mammalian 12S mt-rRNA. To identify
an RNA-binding footprint on mt-rRNA in vivo, we used the
CLIP assay that has been established previously for use with
cytosolic RNA-binding proteins [19]. Induction of FLAG-tagged
ERAL1 was inefficient, resulting in levels similar to endo-
genous ERALL (results not shown). Following induction, cells
were UV-irradiated and the bound RNA cleaved by RNase
T1 before rescue and identification. As shown in Figure 3(A),
12S mt-rRNA was found in 63 % of sequenced clones (31 out
of 49), revealing a minimal footprint of 33 nt. This region is
close to the 3" terminus of 12S mt-rRNA and spans a stem—
loop that has a structural orthologue in bacterial 16S rRNA,
but is distinct to the bacterial Era-binding site (Figure 3B).
No other mt-rRNA sequence was identified, although several
mt-tRNA™ sequences were recovered (Supplementary Table
S1 at http://www.Biocheml.org/bj/430/bj4300551add.htm). The

significance of this is unclear; however, other mitochondrial
RNA-binding proteins subjected to CLIP in our laboratory have
also shown a similar association with the 3’ terminus of mt-
tRNAP™® (Mateusz Wydro, unpublished work). The remaining
clones contained sequences from E. coli 23S rRNA (two clones),
human transcripts (three clones) or could not be identified (six
clones). We conclude that ERAL1 functions to protect the 12S
rRNA by binding at its 3’ terminus, but that the position and
sequence to which it binds differs from the bacterial protein.

ERAL1 depletion induces cell death prior to mitochondrial
translation or respiratory defects

ERALL1 plays an important role in the assembly of the 28S
mt-SSU by acting as an RNA chaperone for the 12S mt-rRNA.
Depletion with siORF1 resulted in a marked effect on normal
(rho™) cell growth (Figure 4A), but had no effect on cells that did
not require mtDNA expression for growth (rho’; Supplementary
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Figure 3 ERAL1 binds in vivo to the predicted 3’ terminal stem-loop of 128
mt-rRNA

Short RNA species bound by ERAL1 in vivo were identified following the CLIP assay as described
in the Experimental section. (A) The sequence of the 50 nt 3’ terminal residues of 12S mt-rDNA,
equivalent to nt 1551-1601 of the mitochondrial genome [1] is listed, along with the first four 5
residues of mt-tRNAY?! immediately downstream. The entire insert of each clone is shown as a
filled line spanning the corresponding part of the reference sequence, with the number of clones
with an identical sequence indicated. The minimal ERAL1-binding site is boxed. The bold AA
highlights the dimethylated adenine residues at nt 1582—1583. The sequences of all 31 clones
are given in Supplementary Table S1 (at http://www.BiochemdJ.org/bj/430/bj4300551add.htm).
* two clones were deleted for two A residues of the A triplet at nt 1582—1584. (B) The
highly conserved 3’ terminal stem—-loop structure in the mitochondrial 12S (left-hand side) or
bacterial 16S (helix 45, right-hand side) [22] are shown, along with the terminal unstructured
nucleotides. The minimal 33 nt binding site for ERAL1, along with the delineated nonamer for
Aquifex aeolicius Era [12] is highlighted as a solid line. The highly conserved AUCA is shown
in bold; the anti-SD region, CCUCC, is italicized. The two dimethylated adenines are shown in
outling [23,24].

Figure S2 at http://www.BiochemJ.org/bj/430/bj4300551add.htm).

A previous report used an inducible knockout technique in a
chicken cell line to ablate the Erall gene [14]. This showed
that loss of ERALI led to cell-cycle arrest and a substantial
increase in the proportion of apoptotic cells in the population.
We repeated this analysis on HEK-293T cells after 3 days
of siRNA treatment and found a similar apoptotic response
(with siORF1 35.94+9.5% were apoptotic compared with
03+04% with NT siRNA, n=4; Supplementary Figure
S3 at  http://www.Biocheml].org/bj/430/bj4300551add.htm).
Intriguingly, however, as shown in Figure 2, although ERALI
depletion prevented the formation of nascent 28S, it did not
reduce the amount of complete mitoribosome during the depletion
time course. Consistent with this observation, metabolic labelling
experiments showed that mitochondrial protein synthesis in HeL.a
cells was unaffected even after 4 days of depletion (Figure 4B)
and was only partially affected in HEK-293T cells after 3 days of
depletion (Figure 4C, left-hand panel). Furthermore, steady-state
levels of proteins either directly encoded by mtDNA (COX2) or
as markers of stable complexes that incorporate mtDNA-encoded
polypeptides (NDUFBS8) (Figure 4C, right-hand panel) were
unaffected, although a consistent increase in HSP70 was found.
These results infer that ERAL1 depletion does not induce
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Figure 4 Depletion of ERAL1 leads to apoptosis prior to appreciable loss
of mitochondrial protein synthesis

(R) Counts of HEK-293T or HeLa cells were taken after SiIRNA treatment (3 or 4 days respectively)
with an NT control or each of the three independent siRNAs targeted either to the Eral1 open
reading frame (ORF1; ORF2) or to the corresponding 3'-UTR. Counts were performed on three
(HeLa) or six (HEK-293T) independent repeats. ***P < 0.001. (B) Metabolic radiolabelling of
mitochondrial gene products was performed for 30 min in Hela cells treated for three days with
SiRNA (NT or against ERAL1). Aliquots (50 4.g) were separated by SDS/PAGE and visualized
with a Phosphorimage as described in the Experimental section. Mitochondrial gene products
are assigned from [20]. A small section of the gel is shown following exposure, rehydration
and Coomassie Blue (CB)-staining to confirm equal loading. ATP8, mitochondrially encoded
ATP synthase 8; Cytb, cytochrome b; ND, NADH dehydrogenase. (G) De novo synthesis
(left-hand panel) and steady-state levels (right-hand panel) of mt-proteins in HEK-293T cell
lysates following 3 days of siRNA treatment (SiORF1 or NT control). Quantification of metabolic
labelling is presented as a percentage of NT control for each translation product and is from three
independent experiments. COX1/ND4, COX2/ATP6 and NDAL/ATP8 were quantified together
as they could not confidently be quantified independently. The Western blot analysis visualized
mitoribosomal proteins with antibodies as described in the text; markers used are: for complex|,
NDUFB8 and NDUFAS; for complex IV, COX2; for the mitochondrial matrix, chaperone HSP70,
and for the mitochondrial outer membrane, porin. Results are means + S.D.

apoptosis merely through the loss of mitochondrial translation
products, but may involve a discrete signalling mechanism.

DISCUSSION

ERALI is involved in the assembly of the mt-SSU. To date,
only one other non-mitoribosomal protein, TFB 1M (transcription
factor B1, mitochondrial), has been shown to be important for
28S assembly, through its role in dimethylation of the 12S rRNA
[25]. Completion of the assembly of the entire mitoribosome has
been shown to require proteolytic maturation of MRPL32 by the
mAAA protease, which promotes association of the mitoribosome
with the inner mitochondrial membrane [26]. Our results show
that ERAL1 is a mitochondrial protein whose function is to
protect the 12S mt-rRNA on the 28S mitoribosomal subunit
during SSU assembly. It therefore has some similar roles to its
bacterial counterpart, where Era binding not only protects the
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16S rRNA precursor, it also binds in a pocket that precludes
the 50S subunit from associating with the 30S subunit. It
also prevents mRNA forming the essential SD/anti-SD pairing
necessary for protein synthesis initiation [11,12]. No SD motif
exists in human mt-mRNA and so no such interaction occurs
between the mt-rRNA and mRNA. The molecular mechanism by
which the mitoribosome locates the mt-mRNA initiating codon is
unclear [27]. Virtually all mt-mRNAs have three or fewer residues
of 5-UTR and for seven of the open reading frames the first ‘A’ of
the initiating codon is the absolute 5’ terminal nucleotide [21,28].
Sequence analysis from our CLIP assays reflected physiological
binding and demonstrated unequivocally that ERAL1 binds very
close to the 3" terminus of the 12S mt-rRNA, covering a sequence
predicted to form a terminal stem—loop structure. This small 33 nt
footprint includes two adjacent adenosine residues within the loop
that are known to be dimethylated by the mitochondrial protein
TFBIM in mammals [22,25]. In two of our clones, both of
these nucleotides were missing, consistent with methylation
of these residues potentially inducing deletions by the reverse
transcriptase or indicating their covalent attachment to ERALI1
during UV-irradiation [19]. In cells from mice devoid of TFB1M,
levels of the 12S mt-rRNA are dramatically reduced, whereas mt-
mRNA levels remain largely unaffected or even increase; both of
these results are similar to those noted in human cells depleted
of ERALL. It is tempting to suggest that ERAL1 binding may
require adenine dimethylation in the loop. However, in both mice
and humans, 12S adenine dimethylation is not absolute. Thus it
is possible that ERAL1 has a greater affinity for the dimethylated
stem—loop, but can still bind and protect unmethylated species
albeit with a weaker affinity.

There is a marked variation between the RNA motif bound
by Era in bacteria and ERALI in mitochondria. The 12S and
bacterial 16S rRNA share sequence and structural similarity
in the 3’ terminal stem—loop (helix 45 in bacteria), which is
clearly identified as the 12S-binding site by our CLIP assays
(Figure 3B). The 16S rRNA nucleotides that have been shown by
X-ray crystallography to directly interact with the KH domain of
Agquifex aeolicus Era are nts 1530-1534 (GAUCA) and the anti-
SD sequence CCUCC immediately downstream at nts 1535-1539.
The AUCA sequence is highly conserved across the domains of
life, whereas the anti-SD is present but restricted to prokarya.
Strikingly, however, this entire nonanucleotide primary sequence
is absent from 12S mt-rRNA (Figure 3B). Therefore although
ERALL is clearly a mitochondrial orthologue of Era, the RNA
bound by the conserved KH domain is completely different. This
may reflect the different functions that are required for these
orthologues. Binding of Era promotes maturation of pre-16S
rRNA by a currently unidentified RNase. Such processing is not
required for the 125 equivalent, although binding is clearly needed
to protect the 12S mt-rRNA from degradation. Furthermore, it is
not clear from our results whether ERAL1 binding to 12S mt-
rRNA on the mt-SSU completely precludes association with the
mt-LSU as noted on Era binding to bacterial 30S. Clearly, the vast
majority of ERAL1 is associated with isolated mt-SSU. However,
LC-MS/MS data of complexes immunoprecipitated by ERAL1-
FLAG does identify a small number of mt-LSU subunits and this
is currently being explored (results not shown).

The protection of mt-mRNAs on ERALI depletion and in
TFB1M-knockout mice that also prevents assembly of the
28S subunit, suggest that mt-mRNA is not initially associated
with the mitoribosome or constituent subunits. Our preliminary
results from RNA isolated from gradient fractions suggests
that nascent mt-mRNA associates with a separate complex,
which increases in mass proportionally with the size of the
transcript and that the gradient profile for these mt-mRNAs

remains unchanged in the ERAL1-depleted cells (S. Dennerlein,
unpublished work). It is possible that initially after synthesis,
mt-mRNA becomes associated with an RNA-binding complex
and remains associated until the mt-mRNA is recruited to the
mitoribosome for translation. The foundation for such a RNP
complex has recently been reported [29]. This RNP contains two
generic mitochondrial RNA-binding proteins, LRP130 (130 kDa
leucine-rich protein) and SLIRP (stem-loop interacting RNA-
binding protein). It is possible and even probable that this complex
will associate with other mitochondrial RNA-binding proteins,
such as those originally demonstrated in [30].

What is the cause of apoptosis in the ERALI-depleted
cell lines? Clearly, ERALI depletion leads to the loss of the
newly assembled 28S subunit. However, the depleted lines
appear to retain sufficient intact mitoribosomes to allow efficient
mitochondrial protein synthesis up to the point when the cells die
of apoptosis. This suggests that either the cells synthesize aberrant
polypeptides as a function of having to recycle old 28S subunits, or
there is an undefined retrograde signal from the mitochondrion to
the nucleus that leads to the apoptosis. Polarographic analyses
of ERALI1-depleted cells revealed no apparent difference in
oxygen utilization or respiratory control ratios (results not shown).
Furthermore, we were unable to measure any differences in ROS
(reactive oxygen species) production or substantial changes in
mitochondrial membrane potential. There have been numerous
reports linking mitochondrial ribosomal subunits, such as DAP3,
with apoptosis [31,32]. The lack of 28S assembly will result
in more freely available polypeptides, but it would appear
unlikely that such proteins could be exported from the matrix.
Alternatively, perhaps it is possible that lack of SSU assembly
leads to accumulation of nascent MRPs, such as DAP3 in the
cytosol, leading to apoptosis. This intriguing area is currently
being pursued.

Finally, we note that immediately prior to submission of this
article, another manuscript was published on the function and
localization of ERAL1 [33]. The authors also reported a 28S
mitoribosomal association possibly mediated by 12S mt-rRNA-
binding and a similar growth phenotype on depletion. However,
their siRNA targeted a different sequence to the three siRNAs
used in the present study, which we tested for both specific and
off-target effects. Unlike the present study, their report indicated
that depletion was shown to cause a lowered steady-state level
of respiratory complexes, elevated ROS, lowered membrane
potential and a substantial reduction in the level of most mtDNA-
encoded transcripts. Their observation of this decrease in steady-
state levels of mt-mRNA is surprising. It is in contrast with
results with TFB1M-knockout mice that exhibit defective mt-
SSU formation and in a patient where 12S mt-rRNA is lost as a
consequence of a MRPS 16 mutation [34], where in neither case is
transcript loss noted. Irrespective, we are now able to report that
the essential function of ERALLI is as a 12S mt-rRNA chaperone
and the identification of its binding site, in vivo.
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Figure S1  Stability of mitochondrially encoded transcripts is unaffected by
loss of ERAL1

HEK-293T cells were transfected with control (siNT) or ERAL1-targeting (SiORF1) siRNA for 3
days, after which mitochondrial transcription was inhibited by the addition of ethidium bromide
(250 ng/ml). RNA was then isolated at the time points indicated post-addition of transcriptional
inhibitor and 4 g of each sample was separated through 1.2 % agarose under denaturing
conditions. Northern blot analysis was performed with random hexamer generated DNA probes
to the mitochondrial transcripts indicated. MTCO3, COX3; MTCYB; mitochondrially encoded
cytochrome b.
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Figure S2 Confirmation that siORF1 that targets ERAL7 lacks off-target
effects

End-point cell proliferation was quantified after 3 days of siRNA depletion of ERAL1 in 143B
parental and rho® cells with control (NT siRNA) or ERAL1-targeting (ORF1 siRNA). Depletion of
ERAL1 with siORF1 showed a significant effect on the proliferation of parental 143B osteosarcoma
cells (rho*), that contain mtDNA. In contrast, no effect on cell growth was observed in
143B rho® cells (supplemented with 50 .g/ml uriding) that lack mtDNA and therefore are
unaffected as they do not require mtDNA gene expression for growth. Results are means + S.D.
P < 0.001.
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Figure S3  Analysis of apoptosis in HEK-293T cells post-siRNA treatment

HEK-293T cells were treated with control (SINT) or ERAL1-targeting (SiORF1) SiRNA for 3
days after which the proportion of apoptotic cells was estimated using the APO-Direct kit. (A)
Representative primary FACS data for the both control and ERAL1-depleted cells. Analyses were
performed on independent cultures of siRNA-transfected HEK-293T cells. (B) Quantification of
the results in (A) is presented (n = 4) as a percentage of apoptotic cells within the population.
Results are means + S.D. P < 0.001.
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ERAL1 is an mt-rRNA chaperone involved in mitoribosome assembly

Table S1  Sequences of all 31 short RNA species bound by ERAL1 in the CLIP assay
N, signifies not determined by sequencer; *12S mt-rRNA sequences are portrayed in a linear fashion in Figure 3 in the main paper. TNF, tumour necrosis factor.

CLONE NO.

SEQUENCE

IDENTITY

s « TCGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGAAC  3'term

MT-RNR2
(125 mt-rRNA) *

113

(nt1601)
« « « CGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

1.14

s+ « CGTAACATGGTAAGTGTACTGGA . . GTGCACTTGGACGAA

1.15

e s+ « CGTARCATGGTAAGTGTACTGGAAAGTGCACTTGGACGARACA

1.18

« + « CGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAACA

1.21

.. « « CGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGAACA

1.22

- AGTCGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACG

1.23

« + « CGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

1.24

« + « CGTAACATGGTAAGTGTACTGGAARAGTGCACTTGGACGA

1.25

........ AGTCGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

210

s BGTCGTAACAT *GTAAGTGTACTGGAAAGTGCACNTGGACGAACARAG

21

o oes « GTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

213

e « + « CGTAACATGGTAAGTGTACTGGGAAGTGCACTTGGACGAAC

214

_____ e AGTCGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGAAC

23

AGTCGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGAAC

26

- *GGCCGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAACA

27

AGTCGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGAAC

28

s+ « CGTAACATGGTAAGTGTACTGGA . . GTGCACTTGGACGAA

2.20

-+ « CATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

2,22
2.24

+ « CGTAACATGGTARAGTGTACTGGAARGTGCACTTGGACGAACA

- . CGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

2325

,,,,,,,, - GTCGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAARR

2.26

« « « CGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

2.28

v o« CAAGTCGTAACATGGTAAGTGTACTGGAMAGTGCACTTGGACGAAC

229

GAGACAAGTCGTAACATGGTAAGTGTACTGGAAAGTGCACTTGGACGAAC

23

s s+ « CGTARCATGGTAAGTGTACTGGARAGTGCACTTGGNNGANCA

232

« + « CGTAACATGGTAAGTGTACTGGAAAGTGCNCTTGGACGA

2.34

.......... GTCGTAACATGGTAAGTGTACTGGARAAGTGCACTTGGACGAAC

2.36

. . . CGTAACATGGTAAGTGTACTGGARAGTGCACTTGGACGRACA

237

...... - AGTCGTARCATGGTARGTGTACTGGAAAGTGCACTTGGACGAACA

2.38

. « . CGNAACATGGTAAGTGTACTGGARAGNNCACNTGGACGAAC

2.40

P - CATGGTAAGTGTACTGGARAGTGCACTTGGACGAAC

GGCGCTAATGGTGGAGTTAAAGACTTTTTCTCTGACCA

MT-TP
(Mt-tRNAPro)

1.16F

+ GGCGCTAATGGTGGAGTTAAAGACTTTTTCTCTGACCA

1.17R
1.26

GGETGCTAATGGTGGAGTTAAAGACTTTTTCTCTGA

- GETGCTAATGGTGGAGTTAAAGACTTTTTCTCT

216

+ + GTGCTAATGGTGGAGTTAAAGACTTTTTCTC

29

+ GGTGCTAATGGTGGAGTTAAAGACTTTTTCTCTGAC

221

- GGTGCTAATGGTGGAGTTAAAGACTTTTTCTCT

227

GGTTGCTAATGGTGGAGTTAAAGACTTTTTCTCTGACCA

E. coli 235 rRNA

1.19

GGEGETCATCCCGACTTACCAAACCGATGCARACTCCGARATACCAGCAA

2.18

ATTATACAARAGGTACGCAGTCACCGAACAAGTCGGCTCCCAC

KNOWN H. sapiens

22

CGCACGGGCTACAACCACGACCAATGATATG

HSFT70 protein 8 iso 1

26

TCTAGATGCATCTTCTAGGAM CTCTGT AGGGACAAGGGACCTGGGACCGGACTGE

TNF receplor family 108

241

AGCGTGTGCCTACCCTACGCCGGCAGGCGCGGGTARCCCGTTGAAC

185 rRNA

UNKNOWN

212

AGGAAGTCGATGTTCAGGCTGTGCTCATGGGCTTCGTCGACAATGATG

215

ACACACTGATTCAGGCTCTGGGCTCCTCCCC

217

GTGATAGCCGCTACACTACGACC

2.23

GGTAGTCTCGGCCCTAAACGATGATCACTAG

235

ATCACTTTCGCATACGGGGCTGTCACCCGCTATGGCCACACTTTCCAGAGTGTTCTGE

2.40

TCGTCAGAGARACAGCAAGCTGTTTCCTGTTACCG
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