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Aminoacyl-tRNA synthetases (ARS) are modular enzymes
that aminoacylate transfer RNAs (tRNA) for their use by the
ribosome during protein synthesis. ARS are essential and uni-
versal components of the genetic code that were almost com-
pletely established before the appearance of the last common
ancestor of all living species. This long evolutionary history
explains the growing number of functions being discovered for
ARS, and for ARS homologues, beyond their canonical role in
gene translation. Here we present a previously uncharacterized
paralogue of seryl-tRNA synthetase named SLIMP (seryl-
tRNA synthetase-like insect mitochondrial protein). SLIMP is
the result of a duplication of a mitochondrial seryl-tRNA syn-
thetase (SRS) gene that took place in early metazoans and was
fixed in Insecta. Here we show that SLIMP is localized in the
mitochondria, where it carries out an essential function that is
unrelated to the aminoacylation of tRNA. The knockdown of
SLIMP by RNA interference (RNAi) causes a decrease in respi-
ration capacity and an increase in mitochondrial mass in the
form of aberrant mitochondria.

Aminoacyl-tRNA synthetases (ARS)? are an ancient family
of enzymes with an essential role in protein synthesis. ARS cata-
lyze the aminoacylation of transfer RNAs (tRNA) through a two-
step catalytic reaction that first activates an amino acid with ATP
to form an aminoacyl-adenylate and, second, to transfer the
amino acid to the tRNA through the formation of an ester bond
with the 3’-terminal ribose of the nucleic acid (1).

Numerous gene duplication events have generated a broad
group of proteins generally referred to as ARS-like proteins.
The majority of ARS-like proteins are molecules homologous
with specific domains of ARS that may or may not carry out
functions related to the aminoacylation of tRNA. In addition
to ARS-like proteins, ARS domains may, by themselves, carry
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out additional biological functions after being excised from
their original structure. In other cases, proteins that are struc-
turally associated to ARS may also dissociate from these inter-
actions to carry out a number of signaling functions (2).

The evolutionary analysis of ARS-like domains reveals that
they have continued to emerge throughout evolution as the
consequence of gene duplications, genomic reorganization, or
lateral gene transfer events. The capacity of ARS genes to in-
corporate new functionalities through their structural reorga-
nization is remarkable. This is probably due to the fact that
the interaction with tRNA has driven ARS toward highly
modular organizations that, secondarily, generate protein do-
mains that are stable by themselves and can evolve to incor-
porate new cellular functions.

Seryl-tRNA synthetases (SRS) are the enzymes responsible
for the serylation of tRNA®®". SRS are dimeric enzymes that
belong to the subclass Ila of ARS, together with alanyl-,
prolyl-, threonyl-, glycyl-, and histidyl-tRNA synthetases. The
structure of the SRS monomer comprises an active site do-
main and an N-terminal domain that generally folds into a
long coiled-coil structure (3) that recognizes the long variable
arm of tRNAS®", The N-terminal coiled-coil domain of SRS is
unique among ARS, but similar structures are common in
other nucleic acid-binding proteins (4). Whether the N-termi-
nal domain of SRS interacts with other nucleic acids is un-
known, but it has been reported that SRS plays a role during
the development of zebrafish (5-7). Thus, the coiled-coil do-
main of SRS may be carrying out functions other than tRNA
recognition. The only known exception to this predominant
SRS structure is found in methanogenic archaeal SRS, where
the coiled-coil domain is replaced by a globular fold and a
different type of tRNA recognition mechanism is used (8 —10).
In metazoans, SRS are among the few enzymes that remain du-
plicated in the cell; one isoform acts in the cytosol, and the sec-
ond functions in the mitochondria, where it needs to recognize
the highly diverged structures of mitochondrial tRNA>*". How-
ever, the three-dimensional structure of mitochondrial SRS from
Bos taurus reveals a similar structure to cytosolic enzymes, in-
cluding a coiled-coil motif at its N terminus (11).

The mitochondrial tRNA serylation system is relevant in
biomedical terms because mutations in human tRNA>" have
been described to cause several mitochondrial diseases. Mito-
chondrial diseases, such as mitochondrial myopathies, DEAF

JOURNAL OF BIOLOGICAL CHEMISTRY 38157


http://www.jbc.org/cgi/content/full/M110.167486/DC1

SLIMP, an Essential Mitochondrial Protein in Insects

(maternally inherited deafness), or SNHL (sensorineural hear-
ing loss), constitute a loose family of illnesses often caused by
mutations in mitochondrial tRNAs (12). Similarly, some mu-
tations in nuclear-encoded mitochondrial ARS have been re-
lated to mitochondrial diseases (13—15).

During the process of constructing a model for human dis-
orders caused by mitochondrial tRNA aminoacylation defi-
ciencies in Drosophila melanogaster, we realized that the ge-
nome of this species contains three genes coding for SRS
homologous sequences. All three proteins encoded by these
genes contain the canonical class II ARS motifs and share a
significant level of sequence identity among each other. Here
we show that one of these three genes codes for an SRS-like
protein termed SLIMP (seryl-tRNA synthetase-like insect
mitochondrial protein).

The gene coding for SLIMP is present in several inverte-
brates and, more specifically, in all available insect genomes.
We determine that SLIMP is not a functional SRS, although it
retains a significant affinity for tRNAs. We show that SLIMP
is expressed in species of Diptera and Coleoptera and that, in
flies, its expression is developmentally regulated and kept si-
lent in early embryo stages.

SLIMP localizes to the mitochondria through a signal pep-
tide that is processed upon translocation. The function of the
protein is essential to D. melanogaster, and its knockdown by
RNAI causes severe morphological defects in mitochondria.
However, lethality can be strongly suppressed by supplement-
ing the diet of the flies with known anti-oxidant molecules,
suggesting that depletion of the protein causes oxidative
stress in the affected animals.

EXPERIMENTAL PROCEDURES

Bioinformatics Analyses—The sequences used for the phy-
logenies were retrieved from UniProtKB (16), GenBank™
(17), of RefSeq (18) or found by BLAST searches (19) and
were aligned using CLUSTAL_X (20). The N-terminal coiled-
coil extensions were excluded from the analysis to focus on
the putative catalytic domain of SLIMP. The phylogenetic
analysis was performed by parsimony, distance, and maxi-
mum likelihood methods (using PHYLIP 3.63 (21) and
PhyML (22)). The programs SEQBOOT and CONSENSE (21)
were used to calculate the confidence limits of each cluster
from 100 bootstrap replicates. tRNA sequences were retrieved
from the Transfer RNA database (tRNAdb) (23). Subcellular
localization and mitochondrial signal peptides were predicted
using MitoProt (24) and iPSORT (25) software programs. Ho-
mology-based three-dimensional models were constructed
using the Phyre server (26) and analyzed with PyMOL (27).
The identification of SLIMP residues potentially involved in
the interaction with seryl-adenylate was based on the analysis
of multiple sequence alignments of SLIMP with canonical
mitochondrial SRS sequences and by visual analysis of the
three-dimensional SLIMP model overlapped with the B. tau-
rus SRS2 structure (11).

Protein Cloning and Purification—SLIMP and DmSRS1
c¢DNAs (FlyBase ID CG31133 and CG17259, respectively)
were obtained from the Drosophila Genomics Resource Cen-
ter (DGRC). The cDNAs were cloned into pQE-70 vector
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(Qiagen) for E. coli expression and purification. The N-termi-
nal putative mitochondrial signal peptide of SLIMP was de-
leted from the construction by PCR site-directed mutagenesis
(Stratagene) (ANt SLIMP). Purification of ANt SLIMP was
performed by nickel affinity standard chromatography. Pro-
tein concentration was determined by the Bradford protein
assay (Bio-Rad).

Insect Stocks—UAS and GAL4 lines used in this study were:
w; UAS-dicer-2, yw; actin5C-GAL4/TM6B, w; patched-GAL4,
and the yw; nubbin-GAL4; UAS-dicer-2/CyO-TMG6B that en-
sures co-segregation of nubbin-GAL4 with UAS-dcr2 (kindly
provided by Dr. Andreu Casali, Institut de Biologia Molecular
de Barcelona (IBMB)-CSIC/IRB). Tribolium castaneum and
Blattella germanica were kindly provided by Dr. Xavier Bellés
(CSIC-Universitat Pompeu Fabra (UPF)), Bombyx mori larvae
were a kind gift from Gloria Sanahuja, and Lepisma sp. indi-
viduals were collected locally.

Generation of Transgenic UAS-RNAi Lines—A 566-bp frag-
ment from SLIMP ¢cDNA was subcloned into the pWIZ vec-
tor in an inverted repeat manner (28). Transgenic fly lines
were obtained by microinjection of the construction into
w'1% embryos using standard procedures (29). One homozy-
gous line was obtained carrying the UAS-RNAI transgene
(RNAig; ;pp strain 8). The same line containing a UAS-dicer2
transgene (RNAig; ;yp Strain 8-dcr2) was also used. An extra
RNAIg; ;p line was purchased from the Vienna Drosophila
RNAI Center (ID 33774) (30). Transcription of RNAi frag-
ments was based on the UAS-GAL4 system (31). Crosses with
actin5C-GAL4 driver were maintained at 25 or 29 °C, and
progeny was counted up to n > 220. For the anti-oxidant ex-
periments, a mixture of anti-oxidant molecules in the form of
the micronutrient supplement K-PAX (K-PAX Inc.) was
added at a final concentration of 6.9 mg/ml, and progeny was
counted up to n > 150. Crosses with the heterozygous
actin5C-GAL4 strain are expected to produce progeny with
an active RNAi transgene in 50% of the cases. The remaining
progeny will not produce dsRNA and is used as an internal
negative control. The proportion of SLIMP-silenced adults
was calculated relative to the total progeny. Results were rep-
resented by setting the theoretical maximum viability of RNAi
active flies at 100%. Statistical significance was determined by
X-square test.

Mitochondrial Separation—Mitochondrial and cytosolic
fractions of Drosophila Schneider 2 cells (S2) were separated
as described previously (32).

S2 Stable Transfection—Sequences coding for SLIMP or
ANt SLIMP were subcloned into the pRmHa-3 vector for ex-
pression in S2 cells (33). S2 cells were maintained at 25 °C on
Schneider’s Drosophila medium (Lonza) supplemented with
10% FBS and L-Gln. 2—4 X 10° cells/ml were co-transfected
with 30 pg of each pRmHa-3 construction and 500 ng of
pHSP70PL vector containing a puromycin resistance cassette,
by standard calcium phosphate method (34). Puromycin was
used as selection agent.

82 Induction and Immunostaining—SLIMP expression was
induced during 72 h by the addition of 625 um CuSO, into log
phase transfected S2 cells. Cells were inoculated on a plate
with concanavalin-treated coverslips, incubated with 200 nm
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MitoTracker Red CMXRos (Invitrogen) for 30 min, fixed with
4% paraformaldehyde, incubated with the anti-His(C-term)
antibody (Invitrogen) (1:200), Alexa Fluor® 488 anti-mouse
secondary antibody (Invitrogen) (1:400), and 0.04 ng/ul DAPIL.
They were mounted on Mowiol and visualized in a Leica SPE
confocal microscope.

Immunoblotting—Insect total protein extracts were ob-
tained by pestle homogenization in 5X protein loading buffer
(35). Samples were fractionated by 10% SDS-PAGE and trans-
ferred to PVDF membranes. Membranes were incubated with
two polyclonal antibodies (Innovagen AB): the anti-Nt SLIMP
against the putative mitochondrial peptide and the anti-
SLIMP against an internal peptide. A polyclonal serum
against Drosophila 3-ATPase (36) (gift from Dr. Rafael Ga-
resse, Instituto de Investigaciones Biomédicas-Universidad
Auténoma de Madrid (ITB-UAM)) was used as mitochondrial
marker and loading control.

RNA Extraction and Semiquantitative RT-PCR—w""*3 lar-
vae, pupae, adults, and embryos were subjected to total RNA
extraction with TRIzol (Invitrogen). Samples were digested
with DNase I and cleaned with the RNeasy MinElute cleanup
kit (Qiagen). 1 ug of total RNA was retrotranscribed, and
semiquantitative PCRs were performed using adjusted dilu-
tions of the cDNAs and TagDNA polymerase (Invitrogen).
Oligodeoxynucleotide pairs were designed to amplify 200 —
300-bp cDNA regions for actin5C, which was used as a load-
ing control, and for SLIMP. Reactions with non-retrotrans-
cribed RNA samples were performed in parallel to discard
genomic DNA contamination.

Wing Preparation and Microscopy Image Analyses—Flies
were kept in 75% ethanol, 25% glycerol for >24 h. 12-20
wings were excised in cold PBS and mounted in Fauré’s me-
dium. Images were taken in a Nikon E600 microscope with an
Olympus DP72 camera. L3-L4 areas were measured from
males and females separately with the Image] software (37),
and statistics were performed by a two-way analysis of vari-
ance test. Images from flies were taken at 30X with an MZ
16F Leica stereomicroscope equipped with a DFC 300FX
camera.

ATP Photocross-linking—Reactions were performed follow-
ing published protocols (38) with 2.4 um pure DmSRS1, ANt
SLIMP, BSA, or E. coli protein extracts. Radioactive signal was
detected using a PhosphorImager™ with Typhoon scanner
control software.

Electrophoretic Gel Mobility Shift Assay (EMSA)—tRNAs
were in vitro transcribed by standard methods (39), labeled
with y-*2P using T4 polynucleotide kinase, and incubated for
20 min at 4 °C with 15 mm MgCl,, 15 mm KCI, 0.5 mm DTT,
10% (w/v) glycerol, 75 mm Tris buffer pH 7.0, 20 ng/ul
oligo(dT),s, and 5 um ANt SLIMP. Competition assays were
performed, adding to the reaction 10X molar concentration
of each non-radiolabeled D. melanogaster in vitro transcribed
tRNAS", tRNA*"8, or a heterologous tRNA (E. coli tRNA™S
(Sigma)). Reactions were separated by electrophoresis onto a
6% (w/v) polyacrylamide gel in 0.5X Tris-borate-EDTA. Sig-
nal was digitalized using a PhosphorImager ™™ from a gel-
exposed storage phosphor screen and was quantified using
the Image] software (37).
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Relative mtDNA Copy Number Quantification—mtDNA
was quantified by real-time quantitative PCR using Power
SYBR Green and a StepOnePlus real-time PCR system (Ap-
plied Biosystems). Genomic DNA templates from third instar
larvae were amplified with a pair of primers to detect the mi-
tochondrial gene ATPase6 (5'-CCCGCTATTCTTATAC-
CTTTTATAGT-3' and 5'-TGTCCAGCAATTATATTAG-
CAGTTA-3') and the gene mRp110 used as nuclear gene
standard (5'-TCGAACAGGCGGTGAAGAA-3' and 5'-
TGCAATGATTGGAGTGGAACA-3’). Primer sequences
were kindly provided by Dr. Aurelio Teleman (German Can-
cer Research Center (DKFZ)). Standard curves were calcu-
lated for both primer pairs to ensure a high efficiency level.
20-pul reactions were prepared following the manufacturer’s
instructions, using carboxy-X-rhodamine (ROX) as reference
dye and the following conditions: 50 °C for 2 min; 95 °C for 10
min; 40 cycles (95 °C for 15 s; 60 °C for 1 min). Results were
statistically analyzed by Student’s ¢ test.

Electron Microscopy (EM)—Fat bodies were fixed in 2% glu-
taraldehyde in 0.1 M cacodylate buffer pH 7.2. Postfixation
was performed with 2% OsO, and 1.6% K;Fe(CN), in cacody-
late buffer. Sections were contrasted with uranyl acetate to be
later visualized in a Jeol JEM 1010 electron microscope. Mito-
chondrial density and areas were measured with the Image]
software (37). Student’s ¢ test was calculated to determine
significant differences.

Oxygen Consumption Measurements— 4 — 8 larvae were
dissected and permeabilized with 25 um digitonin, and oxy-
gen consumption was measured using an Oxygraph-2k
(Oroboros) after serial addition of 10 mm glutamate and 2 mm
malate, 2.5 mm ADP-Mg>™, 10 um cytochrome ¢, 10 mm suc-
cinate, 0.5 uM steps of carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone, 0.5 um rotenone, and 2.5 pum antimycin A.
Oxygen consumption was normalized, dividing the obtained
values by the mitochondrial rate (from the relative mtDNA
copy number (40) and the mitochondrial density determined
by EM), considering the rate for control larvae as 1. Results
were subjected to Student’s £ test.

RESULTS

SLIMP Is a Fast Evolving SRS Paralogue Universally Distrib-
uted in Insecta—Analysis of the distribution of genes coding
for SLIMP homologues reveals that they are present in all
available insect genomes, as well as echinoderms and arach-
nids. The lack of genomic information prevents us from
studying the distribution of the protein among arthropods,
but it is apparent that SLIMP is universally distributed in in-
sects. Phylogenetic analyses of SRS sequences show that
SLIMP forms a fast evolving clade linked to mitochondrial
SRS (Fig. 1A4). This suggests that SLIMP is a descendant of a
duplicated mitochondrial SRS gene that appeared early in the
evolution of Eumetazoa and has persisted in all available in-
sect genomes and in at least one species of sea urchins and
one species of ticks.

To investigate whether SLIMP is produced in insects, we
obtained crude extracts from adults of Lepisma spp. (silver-
fish, Thysanura), B. germanica (cockroach, Dictyoptera),

B. mori (silkworm, Lepidoptera), T. castaneum (red flour bee-
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FIGURE 1. Phylogenetic analysis of SLIMP and its presence in different insect species. A, SLIMP and SRS phylogenetic trees. The left panel shows a maxi-
mum likelihood tree of SRS and SLIMP sequences. Bootstrap values from distance, parsimony, and maximum likelihood trees are shown in this order. All
SLIMP proteins cluster together, sharing the same ancestor as mitochondrial SRS. A distance tree shown in the right panel indicates that the SLIMP clade
evolved faster than SRS. B, the presence of the protein SLIMP in insect species detected by immunoblotting with an antibody against the N-terminal pep-
tide of D. melanogaster SLIMP. The antibody detected the full-length protein in D. melanogaster (52.92 kDa) and was able to cross-react with a protein of

similar size from T. castaneum (49.88 kDa).

tle, Coleoptera), and D. melanogaster (fruit fly, Diptera). Fig.
1B shows that a positive signal, consistent with the predicted
molecular weight of the protein in these species, could be de-
tected in extracts of D. melanogaster and T. castaneum, indi-
cating that genes coding for SLIMP are likely translated into
proteins. No signal was observed in the rest of species tested.
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However, some of these species possess transcribable genes
coding for SLIMP homologues (vide supra).

SLIMP Is a tRNA-binding Protein without tRNA Aminoacy-
lation Activity—To determine whether SLIMP is a functional
SRS, we analyzed it in silico and biochemically. First, we con-
structed a three-dimensional model of SLIMP to study
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FIGURE 2. SLIMP structural analyses. A, active site structural analysis. B. taurus mitochondrial SRS structure (1WLE, /eft) is shown with the seryl-adenylate in
green. Residues that contact the intermediate are depicted in blue. The SLIMP catalytic core three-dimensional model is shown to the right. The residues in
red correspond to non-conserved residues that would disrupt the interaction between SRS substrates and SLIMP. The alignment shows that all the interact-
ing residues from B. taurus are conserved in DmSRS2, whereas 6 over 11 of these are not conserved in SLIMP. B, ATP photocross-linking assay. ATP binding
ability was assessed for DmSRS1 and ANt SLIMP. The upper panel shows the signal from [a->*?P]ATP bound to the tested proteins, and the lower panel shows
the Coomassie Blue-stained SDS-PAGE. Serine was added in some reactions to test whether it would increase the affinity of SLIMP for ATP. An excess of
non-radioactive ATP was used to ensure the specificity of the interactions. DmSRS1 binds ATP specifically, but ANt SLIMP does not. Controls are BSA (nega-
tive control (C-1)), protein extracts (positive control (C+)), and buffer (negative control (C-2)). C, tRNA binding by ANt SLIMP measured by EMSA. The two
mitochondrial tRNA>®" isoacceptors and two cz/tosolic tRNAs (tRNA>®" (GCU) and tRNA”™ (UCU)) from D. melanogaster were tested. Competition assays were
performed adding non-radiolabeled DmtRNA>*"/A"9 or a heterologous tRNA (tRNAY* from E. coli). Affinity values are represented as Al DmtRNAS7A"9/A |
EctRNAYS, where Al DmtRNA®¢"A™9 is (signal intensity when adding radiolabeled DmtRNAS®7A™9 — signal intensity when adding 10X non-radiolabeled
DmtRNA>7A9) and Al ECtRNA"* is (signal intensity when adding radiolabeled DmtRNA®®"A"9 — intensity when adding 10X non-radiolabeled ECtRNA™).
Ratios =1 indicate nonspecific interactions. The values obtained for the two mitochondrial DmtRNA®>®" (GCU and UGA) tested are 4.95 and 3.50, respec-
tively, whereas the values for the cytosolic DmtRNA®®" (GCU) and DmtRNA*™ (UCU) are similar to 1 (0.98 and 1.26, respectively).

whether the residues that shape the catalytic cavity in bona step of the aminoacylation reaction using a mixture of the 20
fide SRS were conserved in SLIMP. Fig. 2A shows that 6 of the amino acids from the canonical genetic code as a substrate

11 amino acids responsible for the recognition of the seryl- (supplemental Experimental Procedures and Fig. S1). We
adenylate in B. taurus mitochondrial SRS are not conserved in  then performed ATP binding assays, which were also negative
SLIMP. Moreover, the mutated positions contain residues for SLIMP (Fig. 2B). SLIMP is not able to bind any of the ini-
that are physically incompatible with the interactions estab- tial substrates required for the serylation of tRNA by SRS.
lished between serine, ATP, and SRS. In contrast, these posi- SLIMP has a predicted N-terminal coiled-coil as canonical
tions are perfectly conserved in the canonical mitochondrial SRS. We analyzed whether the protein was able to bind tRNAs
SRS from D. melanogaster (DmSRS2). Thus, computational by performing electrophoretic gel mobility shift assays. To dis-
models predict that SLIMP does not possess a typical SRS card unspecific interactions, competition assays with unlabeled
active site. tRNAs were also done. Surprisingly, SLIMP is able to specifically

We then tested whether SLIMP can aminoacylate tRNAS®"  bind the two mitochondrial tRNAS®" isoacceptors (UGA and
with serine. Pure SLIMP neither had detectable tRNAS® ami-  GCU) with high affinity (Fig. 2C), whereas it exhibits low affinity
noacylation activity, nor was it capable of catalyzing the first for the cytosolic tRNAS®" (GCU) and tRNA**8 (UCU).
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SLIMP Is a Mitochondrial Protein Whose Translation Is
Developmentally Regulated—W e determined the subcellular
localization of SLIMP and its synthesis throughout the
D. melanogaster life cycle. Prediction algorithms assign a high
probability of mitochondrial localization to the protein
(93.96% by MitoProt), a fact consistent with its phylogenetic
relationship with bona fide mitochondrial SRS. The MitoProt
and iPSORT software programs predict the presence of a 30 —
31-amino acid N-terminal signal peptide (Fig. 34). We per-
formed S2 cellular fractionation experiments to determine the
presence of SLIMP in mitochondrial or cytosolic fractions. As
expected, only the mitochondrial fractions contain mature
SLIMP as detected by immunoblotting (Fig. 34). Moreover,
when immunostainings were performed on S2 cells express-
ing the full-length SLIMP, which is led by the mitochondrial
signal peptide, the protein co-localized with the mitochon-
drial marker. In contrast, when S2 cells expressed SLIMP
lacking the mitochondrial putative signal peptide (ANt
SLIMP), the protein was not imported to the organelle.
Therefore, SLIMP is a protein with a mitochondrial localiza-
tion that depends on a 30-amino acid-long signal peptide
(Fig. 3B).

The presence of the protein in different developmental
stages was determined by immunoblot analysis of protein ex-
tracts. Fig. 3C shows that SLIMP is synthesized at late embry-
onic stages and remains present throughout the rest of the
cycle. However, SLIMP mRNA can be detected at all stages of
development (Fig. 3D), including early embryo phases. Thus,
SLIMP expression seems to be temporally regulated at the
translational level, a common process during the Drosophila
life cycle (41). This suggests again that SLIMP is not function-
ing as a canonical aminoacyl-tRNA synthetase.

SLIMP Is an Essential Protein—We tested the functional
importance of SLIMP in flies silencing its expression by
means of RNA interference (RNAi) using the UAS-GAL4 sys-
tem. The RNAig; 1p Strain 8 was crossed with different GAL4
drivers to induce the RNAI in the progeny in a constitutive
ubiquitous (actin5C-GAL4 driver), or more restricted
(patched-GAL4 and nubbin-GAL4; UAS-dcr2 drivers) expres-
sion pattern. To intensify the RNAI effect, another strain con-
taining an extra copy of the dicer-2 gene was used (RNAig; ;yp
strain 8-dcr2). To account for potential heterogeneity in the
experiments, we also used an available strain from the Vienna
Drosophila RNAi Center (VDRC) (RNAig; j,,p strain 33774)
that silences the expression of the same gene by targeting an-
other region of the mRNA. The two different RNAi sequences
were able to significantly decrease SLIMP mRNA levels (sup-
plemental Experimental Procedures and Fig. S2).

The constitutive ubiquitous expression of the RNAi of
SLIMP was strongly deleterious to the development of the
animals and significantly reduced their viability (Fig. 44). The
number of flies emerging at 25 °C ranged from 12% (RNAig; ;np
strain 33774) to 41.35% (RNAig; 1, 1p strain 8). The milder ef-
fect observed when using RNAig; ;,p strain 8 was intensified
by the presence of dicer-2 gene (RNAIg; 1,,p Strain 8-dcr2,
3.90% viability). Because the efficiency of the UAS-GAL4 sys-
tem is temperature-dependent, the effect could be strength-
ened by growing the animals at 29 °C. In these conditions,
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FIGURE 3. SLIMP subcellular localization and expression pattern. A, cel-
lular fractionation. Immunoblot of S2 cellular fractions (WCL, whole cell ly-
sate; C, cytoplasmic fraction; M, mitochondrial fraction) was performed us-
ing an anti-SLIMP antibody. Mature SLIMP is found exclusively in the
mitochondrial fraction. The predicted mitochondrial targeting sequence
and processing site are displayed. B, S2 cells immunostaining. Cells express-
ing the full-length or the ANt version of SLIMP with a His, tag were de-
tected with an anti-His antibody. ANt SLIMP does not localize to the mito-
chondria, whereas the full-length protein is transported to mitochondria by
the signal peptide. MitoTracker Red was used to label mitochondria, and
DAPI was used to mark nuclei. C, immunoblot of SLIMP in samples of differ-
ent developmental stages. The full-length protein is expressed from late
embryonic stages (20-24-h embryos) onward. The antibody against
B-ATPase was used as mitochondrial loading control. D, SLIMP mRNA levels
during the life cycle. SLIMP mRNA levels, determined by semiquantitative
RT-PCR, are maintained throughout the life cycle. The actin5C mRNA was
used to normalize the mRNA levels.

adult viability was reduced for RNAig; np Strain 8 (41.35—
11.25%), RNAig; 1pp strain 33774 (12— 0.87%), and RNAig; 1 p
strain 8-dcr2 (3.9 -1.8%). Although variability between RNAi
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FIGURE 4. In vivo effect of SLIMP knockdown by RNA interference.

A, constitutive and ubiquitous knockdown of SLIMP causes a decrease in
adult viability at 25 °C and at 29 °C (***, p < 0.001). B, wing-restricted SLIMP
depletion. RNAig, e strains crossed at 29 °C with the nubbin-GAL4; UAS-
dcr2 driver show severe tissue damage. Scale bars correspond to 500 wm.
G, SLIMP silencing in the L3-L4 wing area. RNAig, ;s strains are crossed with
the patched-GAL4 driver that restricts the RNAi expression in the region
flanked by longitudinal veins L3 and L4. Some individuals present a partial
or total loss of the anterior cross vein (marked with an arrowhead). Graphs
show the averages of all the measurements in percentage with S.E. when
compared with the paternal line (**, p < 0.01; ***, p < 0.001). Scale bars cor-
respond to 500 wm.

lines was observed, the lethality caused by the knockdown of
SLIMP was significant in all cases.

Tissue-restricted silencing showed that SLIMP is also es-
sential for the correct development of adult structures. Fig. 4,
B and C, show the effect of SLIMP depletion in the wing tis-
sue by using two different GAL4 strains. In Fig. 4B, the RNAi
was expressed in the larval wing disc zone that gives rise to
the adult wing blade using the nubbin-GAL4 driver. Although
the overall structure of the wing is not compromised, the tis-
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FIGURE 5. Recovery of viability by anti-oxidant compounds. The addition
of an anti-oxidant mixture (K-PAX) to the medium of the fly causes a partial
recovery in adult viability. Actin5C-GAL4 driver and the RNAig, ;p lines were
crossed in parallel in the presence or absence of the anti-oxidant mixture at
25 °C. The proportion of viable adults carrying the RNAig, ,p With regard to
the total progeny increased for RNAis, ;e strain 8 and RNAIg, e Strain
33774 (***, p < 0.001).

sue fails to unfold and collapses. This suggests that the dam-
age caused by total or partial ablation of SLIMP is accumula-
tive as an early induction of RNAi expression does not impair
early stages of wing development.

Fig. 4C shows the effect of SLIMP silencing in the region
flanked by longitudinal veins L3 and L4 in the adult wing, us-
ing a patched-GAL4 driver. The phenotype observed was
characterized by a narrowing of this area in all the strains and
a reduction or elimination of the anterior cross vein in some
of the wings. This effect was cell-autonomous as adjacent re-
gions to the silenced area were not affected (data not shown).
The reduction in the L3-L4 area was caused by a decrease in
the number of cells, and not by a reduction of cell size, as the
cell density in the affected zone is not significantly different
from the one in control wings (data not shown).

SLIMP Ablation Causes Oxidative Stress—We reasoned
that the reduction in SLIMP could be affecting mitochondrial
metabolic functions. It is known that mitochondrial dysfunc-
tion can cause an increase of reactive oxygen species and, as a
result, oxidative stress. To test this hypothesis, we tested
whether an increase in anti-oxidant molecules in the diet
would be able to reduce the deleterious effect of SLIMP abla-
tion by RNAI.

The anti-oxidant mix used contains, among others, well
characterized scavengers such as selenium, a-lipoic acid,
acetyl L-carnitine, and N-acetyl L-cysteine. As can be seen in
Fig. 5, the addition of this anti-oxidant mix was capable of
significantly improving the survival of flies despite depletion
of SLIMP in those RNA:I strains that already had the mildest
effect (RNAig; ;\;p Strain 8 and strain 33774). This is reflected
in a higher proportion of SLIMP-deprived flies reaching
adulthood when compared with the proportion of viable flies
grown without the anti-oxidant mix. For RNAig; ;yp strain 8,
the viability increased from 41.35 to 81.52%, which indicates
almost a complete recovery in the lethality produced by the
RNAj, and for RNAig; 1pp Strain 33774, it increased from 12
to 42.16%.
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FIGURE 6. SLIMP knockdown affects mitochondrial morphology. A, elec-
tron microscopy images taken from fat bodies. RNAi, ,,;p mitochondria
show swollen matrixes with low electron density (marked with asterisks)
and a partial or total loss of cristae structures (marked with arrowheads).
Scale bars correspond to 1 wm, 500 nm, and 200 nm, respectively. B, relative
mtDNA copy number determination. Relative mtDNA copy numbers in con-
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an increase in mitochondria number. Columns represent the average of five
replicates with S.E. (**, p < 0.01). C, mitochondrial density and area. EM im-
ages from larval fat bodies taken at 20,000X were used to analyze the mito-
chondrial density (mitochondria/100 um?) and the mitochondrial area
(um?). Both measurements were taken from control and RNAig e strain
8-dcr2 at 29 °C (¥, p < 0.05; ***, p < 0.001). Consistent with the relative
mtDNA copy number, the density of mitochondria was higher in RNAi-
treated tissues.

SLIMP Silencing Affects Mitochondrial Morphology and
Function—Larval fat bodies from RNAig; ;,,p strain 8-dcr2
crossed at 29 °C with the actin5C-GAL4 were analyzed by
electron microscopy. Mitochondrial morphology was strongly
affected by SLIMP depletion (Fig. 6A4). Mitochondrial inner
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membranes showed local or complete loss of cristae struc-
tures, and mitochondrial matrixes appeared swollen and less
electron-dense than control samples.

To determine whether mitochondrial density was also al-
tered by SLIMP silencing, relative genomic mtDNA copy
numbers were calculated by quantitative PCR. The relative
amount of mtDNA in larvae with silenced SLIMP increased
proportionally to the degree of lethality caused by the silenc-
ing (Fig. 6B), suggesting that silencing triggered a gradual
compensatory mechanism that increased mitochondrial num-
ber. This result was confirmed by comparing mitochondrial
density in EM images of control and treated larval fat bodies.
Mitochondrial density is 7.01 mitochondria/100 wm? in con-
trol larvae, and 17.89 mitochondria/100 wm? in treated larvae,
an increase of a 155.2% (Fig. 6C). The average mitochondrial
size was also significantly higher in SLIMP-silenced fat bodies
(Fig. 6C).

We then tested whether mitochondrial function was com-
promised in SLIMP-silenced flies. We analyzed respiratory
activity by monitoring oxygen consumption of larval tissues.
The respiratory control ratio (oxygen uptake in the presence
of ADP divided by that in the absence of ADP) in knockdown
larvae does not show a significant decrease, indicating that the
respiratory chain is correctly coupled to oxidative phosphor-
ylation (Fig. 7). Respiratory values of SLIMP-silenced larvae
normalized by mitochondrial density (inferred from the rela-
tive mtDNA copy numbers (Fig. 7A) and from electron mi-
crograph analyses (Fig. 7B)) were considerably reduced in
animals with the highest silencing defects (RNAig; ;,p Strain
8-dcr2) but were normal in larvae with a milder silencing ef-
fect (RNAigy ;pp Strain 33774).

To summarize, SLIMP depletion severely affects mitochon-
drial structure, biogenesis, and function and probably triggers
a compensatory response to maintain mitochondrial function
by means of increasing the number and size of existing
mitochondria.

DISCUSSION

The extended evolutionary history of ARS has generated a
large number of related proteins that perform other cellular
functions. Most of the known ARS paralogues have wide phy-
logenetic distributions that indicate an ancient origin, and
most are relatively small polypeptides that only share homol-
ogy with one domain of their related ARS. SLIMP is unusual
in that it is the result of a relatively recent gene duplication (at
the base of the metazoan branches) of an SRS gene and re-
tains significant sequence identity with the complete se-
quence of its paralogous SRS.

The fast evolutionary rate experienced by SLIMP genes
(Fig. 1A) is in contrast to the conservation displayed by SRS
and suggests that the function of SLIMP in insects is not un-
der the same functional constraints experienced by ARS. The
conservation of the gene across the class Insecta, however,
indicates that the function of the protein is important in these
animals.

The sequence identity that SLIMP shares with SRS allows
us to predict that this protein has an identical fold to a typical
seryl-tRNA synthetase. Indeed, computer algorithms strongly
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predict the presence of a coiled-coil structure in the N termi-
nus of SLIMP, as found in most cytosolic and mitochondrial
SRS. However, the function of SLIMP is unrelated to SRS, as
suggested by its active site architecture and its inability to
charge tRNA®®" or activate serine. The lack of binding affinity
of the protein for ATP prevents this protein from catalyzing
the aminoacylation of tRNA and, presumably, activating any
standard or non-standard amino acid. On the other hand, the
coiled-coil structure that SLIMP shares with SRS is also pres-
ent in DNA-binding proteins, raising the possibility that the
function of SLIMP may involve the binding of nucleic acids.

The significance of the specific binding of mitochondrial
tRNAS® by SLIMP is unclear at the moment. A possibility is
that despite its functional evolution, SLIMP has maintained
an affinity for the peculiar conformation of mitochondrial
tRNA®®", Supporting this idea is the fact that the serylated
amounts of mitochondrial tRNAS®" of SLIMP-deprived larvae
did not show a significant deviation from control animals
(supplemental Experimental Procedures and Fig. S3). Gel fil-
tration chromatography data also indicate that SLIMP retains
the dimeric structure characteristic of SRS (supplemental Ex-
perimental Procedures and Fig. S4). Thus, the affinity of
SLIMP by tRNA®®" may simply be a reflection of the evolu-
tionary origin of the protein.

It is also unclear whether SLIMP homologues found in
echinoderms and arachnids are functionally related to SLIMP
from insects. It is possible that a duplicated SRS acquired a
new function related to idiosyncratic features of invertebrate
mitochondria early in the evolution of these animals. Indeed,
SLIMP may represent an alternative to a mitochondrial func-
tion that is performed by other molecules in other metazoans.
Determining the evolutionary history of SLIMP and its exact
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function in invertebrates will probably provide new informa-
tion on the function and evolution of metazoan mitochondria.

Although the actual role of SLIMP remains unknown, we
have determined that it is essential in D. melanogaster. The
depletion of the protein severely reduces the successful com-
pletion of tissue development and, locally, causes gross defor-
mation of the organs affected. The fact that anti-oxidant mol-
ecules can alleviate the effect of SLIMP depletion is suggestive
of a role of the protein in mitochondrial metabolism. Exces-
sive generation of reactive oxygen species by mitochondria
takes place when pathological conditions affect the compo-
nents of the respiratory chain. These defects lead to the gen-
eration of reactive electrons that, combined with oxygen, re-
sult in oxidative stress. An increase in mtDNA copy number
suggests that the mitochondrial dysfunction caused by SLIMP
silencing may be compensated by a reactive oxygen species-
mediated increase in mitochondrial biogenesis, as it has been
reported previously in mammals (42, 43). SLIMP has no de-
tectable sequence identity with components of the respiratory
chain. Thus, although we cannot rule out a function of SLIMP
in the electron transport chain, we favor the hypothesis that
SLIMP may be important for mitochondrial DNA replication
or mitochondria biogenesis. This situation would be compa-
rable with the glycyl-tRNA synthetase (GRS) paralogue po-
lymerase vy accessory subunit (44, 45).

Interestingly, deprivation of SLIMP has been recently iden-
tified in a genetic mosaic screen as a compensator of the cell
growth arrest phenotype caused in Drosophila cells by the
inactivation of transcription factor dE2F1 (46). Although the
significance of this observation is still unclear, it suggests to us
that the mitochondrial role of SLIMP, or a product of its func-
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tion, may be acting as a signal between mitochondria and nu-
clear transcription factors that regulate cell proliferation.

In summary, SLIMP represents a new type of ARS-like pro-
tein that has acquired an essential function in insects despite a
relatively modest divergence from a canonical SRS structure.
This represents a new demonstration of the ability of SRS-
related polypeptides to rapidly adopt other biological roles
and joins the instances of mammalian ARS and ARS-related
domains that carry out secondary regulatory roles in these
species.
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