13421353 Nucleic Acids Research, 2016, Vol. 44, No. 3
doi: 10.1093/narlgkvi1355

Published online 10 December 2015

Human polypyrimidine tract-binding protein interacts
with mitochondrial tRNA™" in the cytosol

Aline Marnef!, Beata E. Jady' and Tamas Kiss'2"

'Laboratoire de Biologie Moléculaire Eucaryote du CNRS, UMR5099, CNRS, Université Paul Sabatier, 118 route de
Narbonne, 31062 Toulouse Cedex 9, France and ?Biological Research Centre, Hungarian Academy of Sciences,

Szeged, Hungary

Received June 03, 2015; Revised November 02, 2015; Accepted November 22, 2015

ABSTRACT

Human polypyrimidine tract-binding protein PTB is a
multifunctional RNA-binding protein with four RNA
recognition motifs (RRM1 to RRM4). PTB is a nu-
cleocytoplasmic shuttle protein that functions as a
key regulator of alternative pre-mRNA splicing in the
nucleoplasm and promotes internal ribosome entry
site-mediated translation initiation of viral and cellu-
lar mRNAs in the cytoplasm. Here, we demonstrate
that PTB and its paralogs, nPTB and ROD1, specif-
ically interact with mitochondrial (mt) tRNA™" both
in human and mouse cells. In vivo and in vitro RNA-
binding experiments demonstrate that PTB forms a
direct interaction with the T-loop and the D-stem-loop
of mt tRNA™" using its N-terminal RRM1 and RRM2
motifs. RNA sequencing and cell fractionation exper-
iments show that PTB associates with correctly pro-
cessed and internally modified, mature mt tRNA™" in
the cytoplasm outside of mitochondria. Consistent
with this, PTB activity is not required for mt tRNAT""
biogenesis or for correct mitochondrial protein syn-
thesis. PTB association with mt tRNA™ is largely
increased upon induction of apoptosis, arguing for
a potential role of the mt tRNA™ /PTB complex in
apoptosis. Our results lend strong support to the re-
cently emerging conception that human mt tRNAs
can participate in novel cytoplasmic processes inde-
pendent from mitochondrial protein synthesis.

INTRODUCTION

Polypyrimidine tract-binding protein (PTB or PTBP1) is an
abundant multifunctional RNA-binding protein implicated
in various aspects of cellular mRNA metabolism, including
pre-mRNA splicing and polyadenylation, mRNA export,
stability and translation initiation (1,2). PTB carries four
RNA recognition motifs (RRM1 to RRM4) with distinct
RNA-binding properties (3,4). Human PTB has two par-

alogs, nPTB (PTBP2) and ROD1 (PTBP3), which in con-
trast to the generally expressed PTB, accumulate in a fairly
tissue-restricted manner. nPTB shows the most efficient ac-
cumulation in brain, muscle and testis, while ROD1 is pref-
erentially expressed in hematopoietic cells (5,6).

PTB is a nucleocytoplasmic shuttle protein with predomi-
nant nucleoplasmic accumulation (7,8). The major function
of nuclear PTB is in controlling alternative exon selection
during pre-mRNA splicing (1,9). Through binding to CU-
rich intronic or exonic pre-mRNA sequences, PTB induces
exon skipping or less frequently, exon inclusion depending
on the actual sequence context (10-12). PTB has been also
proposed to modulate pre-mRNA 3’ end processing and
polyadenylation upon binding to 3’ UTR sequences (13). In
the cytoplasm, PTB has a well-documented role in promot-
ing internal ribosome entry site (IRES)-mediated mRNA
translation initiation (14). PTB is considered to be a gen-
eral IRES trans-acting factor that binds to specific struc-
tures in the 5 untranslated region (UTR) of mRNAs and
promotes recruitment of the translation initiation machin-
ery to IRESs (15). PTB promotes IRES-mediated transla-
tion of both viral and cellular mRNAs under stress condi-
tions, including viral infection and apoptosis, which inhibit
cap-dependent translation initiation (2). Through binding
to the 3’ UTR of mRNAs, PTB can control the cytoplasmic
stability and localization of mRNAs (16-18) or it can regu-
late mRNA translation through promoting or suppressing
microRNA (miRNA) binding (19-21).

Mitochondria are essential membrane-bound cytoplas-
mic organelles which produce cellular ATP by oxidative
phosphorylation and control intrinsic apoptosis. The hu-
man mitochondrial genome encodes 13 mitochondrial pro-
teins dedicated to oxidative phosphorylation, two mito-
chondrial rRNAs (12S and 16S) and the minimal set of
22 mitochondrial tRNAs (mt tRNAs) necessary and suffi-
cient for mitochondrial protein synthesis (22). In other eu-
karyotes, the mitochondrial genomes frequently lack a few
or sometimes most tRNA genes. Moreover, the mitochon-
drial DNAs of certain species are even completely devoid of
tRNA genes. In these cases, mitochondrial protein synthe-
sis is supported by nuclear-encoded tRNAs imported from
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the cytoplasm (reviewed in (23,24). Interestingly, it has been
found that human cytoplasmic (cyt) tRNAC™ and yeast cyt
tRNADY are efficiently imported into the mitochondria, al-
beit both human and yeast mitochondria encode the com-
plete set of mt tRNAs required for mitochondrial protein
synthesis (25-27). This suggests that the molecular mecha-
nism supporting mitochondrial importation of cyt tRNAs
is preserved during evolution.

Although the major function of mt tRNAs is in mito-
chondrial protein synthesis, recent observations have raised
the intriguing possibility that mt tRNAs may play novel,
highly unexpected roles in the cytoplasm. First, human
argonaute-2 (Ago2) protein, a key component of the RNA-
induced silencing complex (RISC), has been reported to
specifically interact with mt tRNAM¢t exported into the cy-
toplasm (28). More recently, human mt tRNAs have been
demonstrated to participate in controlling apoptosis in the
cytosol (29). Intrinsic apoptotic signals promote mitochon-
drial membrane permeabilization to release mitochondrial
pro-apoptotic proteins, including the apoptosome activator
cytochrome ¢ (Cyt ¢) (30). It has been found that mt tR-
NAs bind to Cyt ¢ and block its interaction with the cy-
toplasmic protease activating factor 1 (Apaf-1) in order to
inhibit Apaf-1-mediated caspase activation and apoptosis
(29). Thus, mt tRNAs act as negative regulators of apopto-
sis (31).

Here, we demonstrate that human polypyrimidine tract-
binding proteins PTB, nPTB and ROD1 bind with great
specificity and efficiency to mt tRNAT™ in various hu-
man and mouse cell lines. Through utilizing its RRM1 and
RRM2 domains, PTB forms a direct interaction with the T-
loop and the D-stem-loop regions of mt tRNAT', We also
demonstrate that PTB and mt tRNAT interaction occurs
in the cytoplasm outside of mitochondria and it is increased
upon induction of apoptosis. Thus, besides providing sup-
port to the emerging view that mt tRINAs may possess novel
cytoplasmic functions, our results also point to a possible
role of PTB and mt tRNAT association in controlling in-
trinsic apoptosis.

MATERIALS AND METHODS
General procedures, oligonucleotides and cell cultures

Unless stated otherwise, standard laboratory procedures
were used for manipulating DNA, RNA, oligonucleotides
and proteins (32). Oligonucleotides listed in Supplementary
Data were synthesized by Eurofins MWG. Human HelLa,
HEK?293, MRCS5 and fibroblast cells and mouse NIH 3T3
cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (Invit-
rogen). Apoptosis was induced by treatment of HeLa cells
with 1 wM staurosporine (Sigma) for 4 h and caspase ac-
tivity was inhibited with 60 wM of z-DEVD-FMK (Santa
Cruz) added 1 h before staurosporine administration. Ex-
pression plasmids (jetPRIME, Ozyme), siRNAs and in vitro
transcribed mt tRNAs (Lipofectamine 2000, Invitrogen)
were transfected into HeLa cells by using the indicated
transfection reagents as recommended by the suppliers.
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Plasmid construction

To generate pPTB, pPTBd1, pPTBd2, pPTBd3, pPTBd4,
pPTBdS, pPTBd3m pPTBd3h, pPTBd3m+b, pnPTB and
pRODI expression constructs, the entire coding regions
or appropriate fragments of the coding regions of human
PTB, nPTB and ROD1 genes were PCR-amplified using
wild-type and mutant PTB and codon optimized nPTB and
RODI1 ¢cDNA templates (33). The amplified fragments were
inserted into the Notl-BamHI (PTB and ROD1) or into the
Notl-Kpnl sites (nPTB) of the p3XxFLAG expression plas-
mid (Sigma) by using PCR-introduced restriction sites. The
identity of the expression plasmids was verified by sequence
analysis.

Immunoprecipitation and protein analyses

Extract preparation and immunoprecipitation (IP) have
been performed essentially as described before (34). Briefly,
about 9 x 10° cells were suspended in 500 pl of ice-cold
NET-150 buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl
and 0.05% Nonidet P40) and sonicated 5 x 30 s with 30 s in-
tervals with a Bioruptor Plus Sonicator (Diagenode) at high
setting. Cell homogenates were clarified by centrifugation at
16 000 x g for 10 min. For IP, 15 pl of packed FLAG MS2
beads (Sigma) or 20 wl of packed protein G agarose beads
(Millipore) coupled with 5 pl of mouse monoclonal BB7
PTB antibody (provided by Drs C. Smith and D. Black)
were incubated with 500 wl of cell extract for 1 h at 4°C with
gentle agitation. Beads were washed 3 times with NET-150
buffer. A monoclonal antibody against human PTB (Ther-
moFisher Scientific, 32-4800) that cross-reacts with rodent
PTBs was used for IP of mouse PTB. In vivo RNA-protein
cross-linking and TP was performed according to (35), ex-
cept that the RNA IP (RIPA) and wash buffers contained
0.2% SDS. For western blot analysis, the following antibod-
ies were used in the indicated dilutions: mouse monoclonal
BB7 PTB (1:1000), rabbit nPTB (1:500) (provided by Dr
D. Black), FLAG HRP (1:100,000) (Sigma), rabbit Erp72
(1:1000) (Euromedex), mouse tubulin (1:1000) (Sigma),
mouse HSP60 (1:500) (Sigma), mouse TOM?20/clone 29
(1:1000) (BD Biosciences), rabbit PARP (1:1000) (Abcam),
mouse hnRNPAT (1:1000) (Santa Cruz), mouse ATP5A1
(1:1000) (Invitrogen) and mouse cytochrome ¢ (1:5000) (DB
Pharmigen).

RNA analyses

HeLa cellular RNAs were purified by phenol-chloroform
extraction. After IP reactions, RNAs were recovered from
the beads by proteinase K treatment followed by phenol-
chloroform extraction. For northern blot analysis, puri-
fied RNAs were size-fractionated on a 6% denaturing poly-
acrylamide gel and electroblotted onto a Hybond-N ny-
lon membrane (GE Healthcare). The immobilized RNAs
were probed with 5'-terminally labeled sequence-specific
oligodeoxynucleotides. RNA 3’ end labeling with [5'-*2P]
pCp and T4 RNA ligase (Thermo Scientific) and direct
chemical sequencing of RNA have been described (36).
RNA 3’ end race experiments have been performed as de-
scribed before (37).
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Recombinant PTB protein purification

The bacterial expression vector pHis-PTBpQE9 (provided
by Dr C. Smith) encoded a truncated version of human PTB
lacking its N-terminal 54 amino acids and carrying a 6xHis
tag. E. coli M15 cells harboring pHis-PTBpQE9 were grown
until ODygg reached 0.6-0.8 and expression was induced by
treatment with 1 mM IPTG for 2 h. Cells were collected and
lysed in 300 mM NaCl, 50 mM NaH,PO4 (pH 8.0) in the
presence of EDTA-free protease inhibitor cocktail (Roche).
The expressed His-tagged PTB was affinity-selected by His-
Pur Ni-NTA Resin (Thermo Scientific), eluted with 250
mM and 350 mM imidazole in 300 mM NaCl, 50 mM
NaH,POy (pH 8.0) supplemented with EDTA-free protease
inhibitor cocktail (Roche) and dialyzed against buffer E (10
mM HEPES pH 7.9, 3 mM MgCl,, 5% glycerol, | mM
DTT). The purified His-PTB was at least 80% pure as veri-
fied by coomassie staining.

In vitro RNA transcription

DNA templates for in vitro synthesis of internally labeled
or cold wild-type and mutant mt tRNATY mt tRNAAP
and cyt tRNAT" or a 78 nt-long intronic fragment of the
c-src pre-mRNA carrying PTB binding site (3) were gen-
erated by PCR amplification by using appropriate primers
incorporating the T7 promoter. In vitro RNA synthesis was
performed with T7 RNA polymerase (Promega) in the pres-
ence or absence of 50 wCi of [a-*?P]-CTP (specific activity:
30-40 Ci/mmol). The RNA products were purified on a 6%
sequencing gel.

Electrophoretic mobility shift assay

One fmol of internally [a->>P]-CTP labeled RNA was incu-
bated with 22.5, 45, 150 and 450 nM of recombinant His-
PTB in 10 mM HEPES, pH 7.9, 3 mM MgCl,, 5% glyc-
erol, 1 mM DTT, 100 mM KCI, 100 ng/p.1 BSA (Sigma), 25
ng/wl rRNA (Roche), 5.5 ng/wl heparin (Sigma) at 30°C
for 30 min. RNA-protein complexes were analyzed ona 1.5
mm thick 5% native polyacrylamide gel in 0.5 x TBE.

In vitro RNA label transfer to HeLa PTB

HelLa cell lysates corresponding to ~80 g of cellular pro-
teins were incubated with 100 fmol of internally labeled mt
tRNAT or cyt tRNAT' in 200 wl of reconstitution buffer
(100 mM KCI, 0.2 mM EDTA, 0.5 mM DTT and 0.2 mM
PMSF, 20 mM HEPES, pH 7.9) for 10 min at 30°C. Af-
ter incubation with 50 g of E. coli tRNA for 5 min, the
mixtures were irradiated with UV light of 254 nm wave-
length for 5 min from 8 cm distance using a BIO-LINK®
photocross-linker apparatus (Fisher Bioblock). RNAs were
degraded by treatment with 25 wg of RNase A at 37°C for
30 min. After IP, PTB was analyzed by SDS-PAGE, elec-
troblotted onto a nitrocellulose membrane (Hybond-C Ex-
tra, GE Healthcare), and the RNA label transfer was mon-
itored by autoradiography.

Metabolic labeling of nascent mitochondrial protein synthesis

HeLa cells were grown in a six-well plate and incubated
in methionine/cysteine/glutamine-free DMEM (Life Tech-

nologies) supplemented with 10% fetal calf serum and
1x GlutaMAX™ supplement (Life Technologies) for 30
min. To block cytoplasmic translation, emetine (Sigma, 100
wg/ml final concentration) was added 5 min before admin-
istration of 300 wCi of ¥S3°S Cysteine/Methionine Easy
tag Express labeling mixture (Perkin Elmer). After 1 h of in
vivo protein labeling, the radioactive medium was replaced
by normal DMEM and the cells were incubated for addi-
tional 10 min. Cells were washed twice in PBS and in NET-
150 buffer. Proteins were quantitated by Bradford assay and
equal amounts of proteins were separated (without boiling)
on a 15-20% gradient SDS polyacrylamide gel and labeled
mitochondrial proteins were visualized by autoradiography.

Cell fractionation

To isolate nuclei, HeLa cells were incubated in ten packed-
cell volume of ice-cold MB buffer (210 mM mannitol, 70
mM sucrose, | mM EDTA and 10 mM HEPES, pH 7.9)
for 10 min and disrupted by 25 strokes in a Dounce homog-
enizer (potter B). Nuclei were collected by centrifugation
at 400 x g for 5 min. The crude nuclear pellet was resus-
pended in MB buffer and the Dounce homogenization (10
strokes) and centrifugation steps were repeated. To obtain
cytoplasmic fraction, HeLa cells incubated in M B buffer as
described above were disrupted by 5 Dounce strokes and
the homogenate was clarified by two repeated centrifuga-
tion steps at 400 x g for 5 min. The supernatant was con-
sidered as crude cytoplasmic fraction. Centrifugation of the
cytoplasmic fraction at 20 000 x g for 10 min resulted in
the mitochondrial (pellet) and cytosolic (supernatant) frac-
tions. For extract preparation, HeLa cells, the nuclear and
mitochondrial fractions of HeLa cells were resuspended in
NET-150 buffer, homogenised by sonication and clarified
by centrifugation as described above.

RESULTS

Human polypyrimidine tract-binding proteins PTB, nPTB
and ROD1 interact with mt tRNATH

To detect putative PTB-associated RNAs, human PTB
was immunoprecipitated from a HeLa cell extract by us-
ing a PTB-specific monoclonal antibody and recovery of
PTB was confirmed by western blotting (Figure 1A, up-
per panel). RNAs co-precipitated with PTB were 3’ end-
labeled with [5'-3>P]pCp and T4 RNA ligase and analyzed
on a 6% sequencing gel (lower panel). In addition to a ~165
nt-long weakly labeled RNA that likely corresponds to the
Ul spliceosomal snRNA, a known target RNA of PTB
(38), autoradiography detected an intensively labeled ~70
nt-long RNA (lane 1) that was missing from the control
mock IP reaction (lane 2). To confirm that PTB specifi-
cally interacts with the newly detected RNA, Flag- (FL)-
tagged versions of PTB and its nPTB and RODI1 par-
alogs which are preferentially expressed in neuronal and
hematopoietic cells, respectively, were transiently expressed
in HeLa cells. The accumulating epitope-tagged FL-PTB,
FL-nPTB and FL-RODI1 proteins were immunoprecipi-
tated with an anti-Flag antibody (Figure 1B, upper panel).
The co-precipitated RNAs were 3’ end-labeled and fraction-
ated on a 6% sequencing gel (lower panel). Like endogenous
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Figure 1. Human polypyrimidine tract-binding proteins PTB, nPTB and
RODI interact with mt tRNATP"(A) Detection of a novel PTB-associated
RNA. RNAs co-immunoprecipitated with PTB from a HeLa extract (Ext)
were 3’ end-labeled and analyzed on a 6% sequencing gel (lower panel).
The 5S and 5.8S rRNAs, the Ul snRNA and mt tRNATY are indicated.
IP of PTB was confirmed by western blot analysis (upper panel). Mock
IP performed without antibody (lanes no AB) and molecular size markers
(M) are also shown. (B) RNAs co-precipitated with transiently expressed
Flag-tagged PTB, nPTB and RODI proteins. [P was monitored by west-
ern blot analysis with anti-Flag antibody (a-Flag). NT, non-transfected
cells. Other details are identical to panel A. (C) RNA chemical sequencing.
HeLa mt tRNA™" co-immunoprecipitated with PTB was 3’ end-labeled,
purified on a denaturing gel and subjected to chemical sequencing. RNA
fragments were fractionated on an 8% sequencing gel. The nucleotide se-
quence of mt tRNAT" is indicated and numbered according to (54). A9
may correspond to 1-methyl-adenosyl (40), while U61 may be a pseudouri-
dine, since it shows no hydrazine reactivity. The nature of the highly reac-
tive C32 residue is unknown. Lane OH™, hydrolysis ladder. (D) Determina-
tion of the 3’'-terminal sequence of PTB-associated mt tRNAT! by 3" end
race. Sequences of the RNA tag and the 3’ end region of mt tRNAT™ are
indicated.

HeLa PTB, the ectopically expressed FL-PTB, FL-nPTB
and FL-RODI1 proteins also interacted with a ~70 nt-long
RNA (lanes 2, 3 and 4).

To determine its identity, the ~70 nt-long PTB-associated
end-labeled RNA was extracted from the gel and sub-
jected to direct chemical sequencing (Figure 1C). Surpris-
ingly, the obtained partial sequence was identical to the hu-
man mt tRNAT™" from position U5 to A67. The imme-
diate 3'-terminal sequence was determined through liga-
tion of an oligoribonucleotide tag to the RNA 3’ end fol-
lowed by RT-PCR. Sequencing of the obtained cDNA con-
firmed that the 3’ end of PTB-associated mt tRNAT" was
correctly processed and it carried the common CCA ter-
minal nucleotides of mature tRNAs (Figure 1D). Mam-
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malian mt tRNAs, including tRNATP | also carry several
post-transcriptionally added covalent nucleoside modifi-
cations (39). Chemical sequencing of PTB-associated mt
tRNAT detected three ribonucleosides which showed ex-
tremely high (C32) or no (A9 and U61) reactivity with base-
specific sequencing reagents, suggesting that these nucleo-
sides are post-transcriptionally modified (Figure 1C, and
legends to Figure 1C). In fact, bovine mt tRNAT' has been
reported to carry modified bases at least at positions A9 and
C32 (40). Thus, we propose that the fraction of human mt
tRNATH that co-purifies with PTB is structurally indistin-
guishable from canonical mt tRNAT!" participating in mi-
tochondrial translation.

Human PTB, nPTB and ROD1 specifically associate with mt
tRNATH

IP of transiently expressed FL-PTB, FL-nPTB and FL-
RODI recovered a HeLLa RNA that co-migrated with mt
tRNAT associated with PTB (see Figure 1A and B). In-
deed, northern blot analysis confirmed that the 70 nt-
long HeLa RNA co-purified with ectopically expressed
Flag-tagged PTB, nPTB and RODI1 corresponded to mt
tRNATI" (Figure 2A, lanes 6, 7 and 8). IP of PTB from hu-
man HEK293, MRCS5 and primary fibroblast cell extracts
and northern blot analysis of the co-purified RNAs demon-
strated that interaction of PTB and mt tRNAT"" is not con-
fined to HeLa cells (Figure 2B, lanes 3, 6 and 9). Moreover,
PTB IP from a mouse 3T3 fibroblast cell extract also recov-
ered mouse mt tRNA™" indicating that PTB-mt tRNAT""
interaction is conserved in rodents (lane 12). In contrast to
mt tRNAT  the mouse Ul snRNA showed a less obvi-
ous PTB association. The significance of the observed co-
precipitation of 5S and 5.8S rRNAs with PTB, FL-PTB,
FL-nPTB and FL-ROD1 remains uncertain (Figure 1A and
B), but it might reflect the function of polypyrimidine tract-
binding proteins played in translation regulation (see Intro-
duction section).

RNA 3’ end labeling experiments identified mt tRNAT"*
as the major small RNA associated with HeLa endogenous
PTB and transiently expressed FL-PTB, FL-nPTB and FL-
RODI1 (Figure 1A and B). To confirm the specificity of
PTB-mt tRNAT™ interaction, RNAs co-immunopurified
with PTB were analyzed by northern blotting with oligonu-
cleotide probes specific for mt tRNAs and the cytoplasmic
(cyt) tRNAT (Figure 2C). Apart from mt tRNATP" | nei-
ther cyt tRNAT nor the tested mt tRNAs were detected
in the pellet of PTB IP, corroborating the notion that PTB
interacts with mt tRNATP" with high specificity. Thus, we
concluded that human polypyrimidine tract-binding pro-
teins PTB, nPTB and ROD1 specifically associate with mt
tRNAThT,

PTB directly interacts with mt tRNAT™ in living cells

To exclude the formal possibility that PTB binds mt
tRNAT released from mitochondria damaged during ex-
tract preparation, we assayed the interaction of PTB and
mt tRNAT™" in living cells by in vivo RNA-protein cross-
linking studies. Unfortunately, the available PTB antibod-
ies failed to sustain PTB-binding under stringent IP condi-
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Figure 2. Human polypyrimidine tract-binding proteins specifically inter-
act with mt tRNAT (A) Human nPTB and RODI interact with mt
tRNATY Transiently expressed Flag-tagged PTB, nPTB and ROD1 were
immunoprecipitated from HeLa cell extracts (Ext) with anti-Flag anti-
body (a-Flag). IP was confirmed by western blot analysis with anti-Flag
antibody (lower panel) and co-precipitation of mt tRNAT! was moni-
tored by northern blotting (upper panel). (B) Conservation of PTB and
mt tRNATP" jnteraction in human and mouse cells. PTB was immuno-
precipitated from extracts prepared from human HEK293, MRCS5, pri-
mary fibroblast and mouse NIH 3T3 fibroblast cells. Co-precipitation of
mt tRNATI was monitored by northern blotting. (C) Northern blot anal-
ysis of RNA co-immunoprecipitated with HeLa PTB. PTB IP was con-
firmed by western blotting (upper panel). The oligonucleotide probes are
indicated.

tions applied to destroy non-covalent RNA—protein inter-
actions (data not shown). Therefore, Flag-tagged PTB was
transiently expressed in HeLa cells. Western blot analysis
showed that the ectopically expressed FL-PTB protein ac-
cumulated under the level of endogenous PTB (Figure 3A,
upper panel). In order to fix in vivo RNA—protein interac-
tions, the transfected cells were treated with formaldehyde
before extract preparation (35). The formaldehyde treat-
ment largely reduced the levels of soluble FL-PTB, PTB
and Ul snRNA in the cell extract, but had no effect on
mt tRNAT" and mt tRNAMS extraction (lane 3 and data
not shown). Nevertheless, IP of FL-PTB from the cross-
linked extract under harsh conditions efficiently recovered
mt tRNATY" but it failed to precipitate mt tRNADS (lane
6). As expected, neither mt tRNAT" nor mt tRNAM* co-
purified with FL-PTB immonoprecipitated from the un-
treated control extract under stringent wash conditions
(lane 5), confirming the notion that PTB and mt tRNATh"
specifically and directly interact in HeLa cells. The Ul

spliccosomal snRNA showed a very weak, if any, in vivo
cross-linking with FL-PTB (lane 6), suggesting that only a
marginal fraction of cellular U1 associates with PTB (38).

To further characterize the interaction of mt tRNATH
with PTB, mt tRNA™" and mt tRNA* were synthesized
in vitro and they were transfected into HelLa cells (Fig-
ure 3B). After 24 h of incubation, cell extracts were pre-
pared and accumulation of the transfected mt tRNAs was
monitored by northern blot analysis (upper panel). In mt
tRNATM transfected cells, in addition to the endogenous
mt tRNAT™" another mt tRNA™" with slightly retarded
electrophoretic mobility was detected (lanes 4 and 7). Since
this low mobility mt tRNAT' was missing from the non-
transfected extract (lane 1), we concluded that it corre-
sponded to the in vitro transcribed mt tRNAT', We believe
that the absence of post-transcriptionally added charged
modification(s), for example, a N6-threonyl-carbamoyl-
adenosine found in bovine mt tRNAT (40), might be re-
sponsible for the reduced electrophoretic mobility of the
in vitro synthesized tRNAT' Nevertheless, IP of PTB ef-
ficiently recovered both the endogenous and the in vitro
synthesized transfected mt tRNAT™" (lanes 6 and 9). In
contrast, neither the endogenous nor the in vitro produced
transfected mt tRNAAP was pulled down by the anti-PTB
antibody (lanes 12 and 15). These results demonstrated that
in vitro transcribed mt tRNA™ is highly stable in trans-
fected HeLa cells and it binds to PTB with high efficiency
and specificity.

In vivo covalent cross-linking of HeLa mt tRNAT with
transiently expressed FL-PTB strongly supported the idea
that PTB and mt tRNA™ form a direct interaction in the
cell (Figure 3A). To further demonstrate that PTB binds di-
rectly to mt tRNAT we performed in vitro RNA—protein
ultraviolet (UV) cross-linking studies. HeLa extracts were
incubated with in vitro synthesized internally 3?P-labeled
mt tRNAT' or as a negative control, with cyt tRNATh
and subjected to UV irradiation (Figure 3C). The cross-
linked extracts were treated with RNase and proteins radi-
olabeled by covalently linked residual ribonucleotides were
fractionated by SDS-PAGE and visualized by autoradio-
graphy (lower panel, lanes 1 and 2). IP of PTB from the
extract reacted with mt tRNAT' revealed a label transfer
to PTB (lane 6). In contrast, PTB recovered from the cyt
tRNATM _treated extract showed no radioactivity (lane 4),
confirming that PTB directly interacts with mt tRNATP,
IP of PTB was confirmed by western blot analysis (upper
panel).

Next, we found that pre-incubation of in vitro synthesized
32P-labeled mt tRNAT" with increasing amounts of recom-
binant PTB resulted in a concentration-dependent RNA
mobility retardation on a native polyacrylamide gel (Fig-
ure 3D, lanes 1-5, shifts 1 and 2). Highly similar RNA gel
retardation profile was observed when the extensively char-
acterized PTB substrate RNA, c-src, was incubated with in-
creasing amounts of PTB (3,41) (lanes 8—12). On the other
hand, PTB failed to alter the gel electophoretic mobility of
cyt tRNAT (lanes 15-19). Finally, inclusion of anti-PTB
antibody into the gel retardation reaction caused a super-
shift of the pre-formed PTB/mt tRNAT™" and PTB/c-src
complexes, confirming that PTB formed a specific interac-
tion with these RNAs (lanes 7 and 14).
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anti-PTB antibody (3). The RNA—protein complexes were fractionated on a 5% native gel.
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and D-stem-loop of mt tRNAT™" the antisense-stem (4.SS) nucleotides did not influence PTB
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PTBd3 truncated proteins, each encompassing RRM1 and
RRM2, efficiently recovered mt tRNAT" (lanes 6, 8 and
10). In contrast, IP of FL-PTBd4 and FL-PTBdS lacking
RRMI1 and RRM2 failed to recover detectable amounts
of mt tRNA™ (lanes 12 and 14), demonstrating that the
RRMI1 and RRM2 domains of PTB are required and are
sufficient to form a specific interaction with mt tRNAThT,
Since the RRM1 and RRM2 domains alone showed very
weak accumulation in transfected cells (data not shown),
point mutations known to abolish the picornaviral IRES
and FAS mRNA binding capacity of the RRM1 (m, S1311-

N132L-L136A) and RRM2 (b, 1214S-F216A-K218S) do-
mains of PTB were introduced into the efficiently accumu-
lating FL-PTBd3 truncated protein (42,43). Alteration of
RRMI1 or RRM2 largely inhibited or fully abolished the
interactions of the expressed FL-PTBd3m and FL-PTBd3b
proteins with mt tRNAT! | respectively (lanes 16 and 18).
As expected, the double mutant FL-PTBd3m+b protein
also failed to bind mt tRNA™" (lane 20), confirming that
the RRM1 and RRM2 domains of PTB are required for ef-
ficient in vivo binding of mt tRNAT' . We propose that the



RRM1 and RRM2 domains of PTB recognize mt tRNATh"
in a cooperative and interdependent manner.

PTB interacts with mt tRNA™ in the cytoplasm outside of
mitochondria

PTB is an abundant nucleoplasmic protein which, although
has a significant cytoplasmic accumulation, has never been
reported to reside within mitochondria (44). In contrast,
synthesis, processing and function of human mt tRNAs
have been strictly confined to the mitochondria. To solve
this apparent contradiction, we attempted to determine
where PTB and mt tRNAT interaction takes place in the
cell. First, HeLa cells were fractionated into nuclear and cy-
toplasmic fractions (Figure 5A). To confirm the correctness
of cell fractionation, we determined the distribution of sev-
eral nuclear (U2 snRNA and hnRNP Al) and cytoplasmic
(12S mt rRNA, mt tRNAYS, ERp72, tubulin, TOM20 and
HSP60) marker RNAs and proteins (lanes 2 and 3). As ex-
pected, the majority of PTB was found in the nuclear frac-
tion, while mt tRNA™" showed a cytoplasmic accumula-
tion. IP of PTB from the cytoplasmic fraction efficiently
recovered mt tRNATM (lane 7), demonstrating that the mt
tRNAT /PTB complex accumulates predominantly, if not
exclusively, in the cytoplasm.

To decide whether cytoplasmic PTB associates with mt
tRNAT within or outside of mitochondria, the HeLa cy-
toplasmic fraction was further sub-fractionated by centrifu-
gation at 20,000 x g for 10 min (Figure 5B). The pellet was
considered as crude mitochondrial fraction, while the post-
mitochondrial supernatant was regarded as crude cytoso-
lic fraction. As expected, mt tRNAT was found predomi-
nantly in the mitochondrial pellet together with the 12S mt
rRNA and the TOM20, ATP5A1 and Cyt ¢ mitochondrial
marker proteins (lane 3), and the cytoplasmic soluble frac-
tion contained only a small amount of mt tRNAT that
was apparent after longer exposure (lane 2, and data not
shown). In contrast to mt tRNAT PTB was found exclu-
sively in the crude cytosolic fraction together with the 7SL
signal recognition particle RNA and tubulin (lane 2). The
ERp72 endoplasmatic reticulum (ER) marker protein ap-
peared also in the mitochondrial fraction, probably because
ER structures are physically connected to mitochondria. In
the next step, PTB was immunodepleted from the total cy-
toplasmic, the crude cytosolic and mitochondrial extracts.
To readily detect co-IP of mt tRNAT' with PTB, we used
fifty times more extract for PTB IP than analyzed on lanes
1-3. As expected, IP of PTB from the mitochondrial frac-
tion failed to recover detectable amounts of PTB and mt
tRNATI (lane 9), but pulling down PTB from the cytosolic
fraction recovered mt tRNAT (lane 7), indicating that PTB
interacts with a small fraction of mt tRNAT"" that is present
in the cytosol outside of the mitochondrion. In conclusion,
the results of our cell fractionation, in vivo cross-linking and
in vitro RNA binding experiments together provide strong
support to the notion that PTB directly interacts with mt
tRNAT' in the cytoplasm outside of mitochondria.

Next, we tested the formal possibility that some step(s) of
post-transcriptional mt tRNAT" maturation take(s) place
in the cytosol outside of mitochondria and it requires tran-
sient PTB interaction. To this end, we investigated the ac-
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Figure 5. Subcellular localization of the PTB/mt tRNAT" complex. (A)
PTB and mt tRNAT"" interact in the cytoplasm. PTB was immunoprecip-
itated from extracts prepared from HeLa cells (Tot) or from the nuclear
(Nuc) or cytoplasmic (Cyt) fractions of HeLa cells. IP of PTB and co-
precipitation of mt tRNATM and 12S rRNA were measured by western
and northern blot analyses. Distribution of cytoplasmic (12S rRNA, mt
tRNALYS, ERp72, tubulin, TOM20 and HSP60) and nuclear (U2 snRNA
and hnRNP A1) markers is shown. (B) PTB interacts with mt tRNAThr
outside of mitochondria. The cytoplasmic fraction of HeLa cells was fur-
ther fractionated into crude mitochondrial (Mit) and cytosolic (Cytsl) frac-
tions. One fiftieth of the extracts were used to determine the distribution of
PTB, mt tRNAT and several mitochondrial (12S rRNA, Cyt ¢, ATP5A1
and TOM20) and cytosolic (7SL RNA, tubulin, ERp72) markers (lanes 1—
3). From the remaining cytoplasmic, cytosolic and mitochondrial extracts,
PTB was immunoprecipitated and co-precipitation of mt tRNAT 128
rRNA and 7SL RNA was measured (lanes 4, 7 and 9). Lanes no AB, con-
trol IPs without antibody. (C) PTB is not required for mt tRNAT expres-
sion. Accumulation of mt tRNATY was measured in HeLa cells treated
with control, PTB-specific or PTB- and nPTB-specific interfering RNAs.
PTB and nPTB accumulation was measured by western blotting. ERp72
and Ul snRNA were used as loading controls. (D) PTB activity is not re-
quired for mitochondrial translation. Pulse chase labeling of mitochon-
drial proteins in control, PTB-depleted and PTB and nPTB-codepleted
HeLa cells. Proteins are indicated according to (55). Cytoplasmic trans-
lation was arrested by emetine treatment.
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cumulation of mature-sized mt tRNAT" in HeLa cells de-
pleted of PTB (Figure 5C). As reported before, suppression
of PTB accumulation by RNA interference (RNA1i) induced
expression of the neuronal nPTB (lane 2) (45). Since nPTB
can take over PTB functions, both PTB and nPTB were de-
pleted from HeLa cells by RNAI (lane 3). However, north-
ern blot analysis demonstrated that neither PTB depletion
nor PTB and nPTB co-depletion had a detectable effect on
the accumulation of mt tRNAT (lanes 2 and 3). Moreover,
in vivo protein labeling studies performed with a mixture of
33S-labeled methionine and cysteine in HeLa cells with ar-
rested cytoplasmic translation failed to detect any alteration
in the synthesis of nascent mitochondrial proteins in PTB-
and PTB+nPTB-depleted cells (Figure 5D). Based on these
observations, we concluded that the cytosolic interaction of
mt tRNAT" with PTB is not connected to the biogenesis
and mitochondrial function of mt tRNAT"

PTB shows an increased association with mt tRNAT™ jn
apoptotic cells

Mammalian mt tRNAs, together with cyt tRNAs, have
been reported to inhibit apoptosis through binding to and
inactivating the Apaf-1 apoptosome activator Cyt c (29).
Therefore, we examined the in vivo interaction of PTB with
mt tRNAT" in apoptotic HeLa cells (Figure 6A). Upon in-
duction of apoptosis in HeLa cells by staurosporine admin-
istration, we observed caspase-mediated PARP-1 cleavage
that is a characteristic hallmark of apoptotic cells (lanes 2—
4) (46). As reported before, proteolytic cleavage of PTB by
caspase-3 was also observed in staurosporine-treated cells
(lanes 2-4) (47). During apoptotic progression, the level of
mt tRNAT" did not change in the cell extracts used for PTB
IP (lanes 1-4). However, contrary to the fact that caspase
cleavage gradually diminished intact PTB during apoptosis
(lanes 1-4), the remaining PTB showed an augmented asso-
ciation with mt tRNAT"" (lanes 6-9).

To test whether the increased PTB association with mt
tRNATI observed in apoptotic cells is a consequence of ex-
cessive caspase-mediated protein degradation, HeLa cells
were treated with caspase inhibitor (z-DEVD-FMK) be-
fore inducing apoptosis by staurosporine (Figure 6B). Pre-
incubation of HeLa cells with z-DEVD-FMK largely in-
hibited the proteolytic cleavage of both PARP-1 and PTB
(lane 4), but it had no influence on elevated PTB and
mt tRNATI association (lane 9). This indicates that aug-
mented mt tRNAT""/PTB complex formation is a charac-
teristic feature of apoptotic cells, it is not linked to cellu-
lar protein degradation and it is apparent already in the
early stage of apoptosis. These results point to the intrigu-
ing possibility that cytoplasmic interaction of PTB with mt
RNAT may be linked to some aspect of the complex pro-
cess controlling apoptosis.

DISCUSSION

It has been firmly believed for long time that biogenesis and
cellular function of mt tRNAs are strictly confined to the
mitochondria. Recent reports, however, raised the possibil-
ity that in human cells, especially under some stress condi-
tions, e.g. apoptosis, mt tRNAs can accumulate in the cy-

tosol where they participate in cellular processes unrelated
to mitochondrial protein synthesis (28,29). This study pro-
vides further support to the emerging view that human mt
tRNAs possess unorthodox cytoplasmic functions. Search-
ing for RNAs interacting with human HelLa PTB identified
mt tRNAT as a major cellular RNA associated with PTB
(Figure 1). We demonstrated that in addition to the gener-
ally expressed PTB, its two tissue-specific paralogs, nPTB
and RODI, can also interact with mt tRNAT (Figures
1B and 2A). Finally, we showed that the PTB-mt tRNATH
interaction is conserved in various human and mouse cell
lines, providing strong support for the functional signifi-
cance of the observed association of PTB and mt tRNATh"
(Figure 2B).

The functional diversity of PTB is supported by the flex-
ible RNA-binding specificity of the four RNA-binding do-
mains (RRM1 to RRM4) of the protein (9). RRM domains
are present in a large number of RNA-binding proteins
and they adopt a characteristic B-ai-B2-B3-az-B4 topol-
ogy in which the two a-helices are packed on an antipar-
allel four stranded B-sheet (48). Typically, the aromatic side
chains of conserved tyrosine and phenylalanine residues in
the B; (RNP2) and B3 (RNP1) strands form stacking in-
teractions with RINA bases or they intercalate between two
ribose rings. The four RRM domains of PTB also have the
canonical B-a-B-B-a-B fold, but they are rather atypical in
their lack of aromatic amino acids. In vitro and in vivo RNA
binding experiments demonstrated that PTB forms a spe-
cific and direct interaction with mt tRNAT (Figures 1-4).
The human mt tRNAT!" carries a bipartite PTB binding el-
ement composed of the D-stem-loop region and the short
T-loop of the tRNA (Figure 4A). While the RRM3 and
RRM4 domains of PTB are dispensable for mt tRNATh"
binding, the N-terminal portion of the protein encompass-
ing only the RRM1 and RRM?2 domains and their linker
region contains all the elements which are sufficient to form
a specific and efficient interaction with mt tRNATh" (Fig-
ure 4B). The RRM1 and RRM2 domains of PTB seem to
function in a strictly interdependent manner in mt tRNATh
binding. Disruption of the RNA-binding capacity of ei-
ther the RRM1 or the RRM2 domain through introduc-
ing point mutations into their RNA-binding surfaces abol-
ishes the mt tRNATP binding capacity of PTB. Since nu-
cleotide alterations introduced into the D-stem-loop region
or into the T-loop of mt tRNAT can fully abolish PTB
binding, we propose that the RRM1 and RRM2 domains
of PTB interact with this two regions of mt tRNAT™ in an
interdependent fashion. A very similar RRM1-and RRM2-
dependent RNA recognition mechanism was described for
PTB binding to the Ul spliceosomal snRNA during splic-
ing repression (38). While each RRM of PTB can inde-
pendently interact with single-stranded CU-rich target se-
quences with slight sequence preferences, it seems that co-
operative RNA binding by the RRM1 and RRM2 domains
provides a more complex and specific RNA recognition
capacity for PTB (3). The flexible linker regions separat-
ing RRMI from RRM2 and RRM2 from RRM3/RRM4
may support a highly flexible, substrate RNA-dependent
folding of the N-terminal RRM1-RRM2 region, indepen-
dently from the structurally more rigid C-terminal RRM3-
RRM4 region (49-51). In hematopoietic cells, alternative
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Figure 6. Increased PTB association with mt tRNAT! in apoptotic cells. (A) Interaction of PTB and mt tRNAT™ during apoptosis. PTB was immuno-
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IP of PTB (lanes 6-9) was monitored by western blotting. Caspase-cleaved PTB (c-PTB) and PARPI (c-PARP) are indicated. Co-IP of mt tRNATP" and
Ul snRNA was measured by northern blotting. (B) Caspase inhibition in apoptotic cells has no effect on PTB and mt tRNAT" association. PTB was
immunoprecipitated from extracts prepared from HeLa cells treated with z-DEVD-FMK and staurosporine as indicated. Other details are identical to

panel A.

pre-mRNA splicing and translation initiation events gener-
ate various N-terminally truncated ROD1 isoforms which
lack nuclear localization signals (52). The shortened ROD1
isoforms accumulate in the cytoplasm, but they are not ex-
pected to efficiently interact with mt tRNAT", because they
also lack part or most of the RRM1 domain. The trun-
cated ROD1 proteins with their differential RNA-binding
capacity may participate in cytoplasmic processes specific
to hematopoietic cells.

Previous efforts aimed to determine the list of nuclear-
encoded mitochondrial proteins failed to detect PTB as a
potential mitochondrial protein (44). In accordance with
this, our cell fractionation experiments demonstrated that
PTB interacts with mt tRNAT! in the cytoplasm, indicat-
ing that a fraction of mt tRNAT™ resides outside of the mi-
tochondria (Figure 5). Induction of apoptosis alters mito-
chondrial membrane permeability and might result in for-
mation of membrane lesions (53), that may explain the ap-
pearance of mt tRNAs in the cytoplasm during apoptosis
(29). However, it remains unclear how mt tRNAMet (28)
and mt tRNAT (this study) accumulate in the cytoplasm,
whether they are actively exported by a yet unknown mito-
chondrial RNA transport mechanism or they are passively
released, for example, from damaged mitochondria. In this
context it is noteworthy that human mitochondria, while
encode the complete set of mt tRNAs required for mito-
chondrial protein synthesis, possess the capacity to import
tRNAs from the cytoplasm, indicating that the mitochon-

drial membrane is ‘permeable’ for tRNAs (see Introduc-
tion).

Although genome wide analysis identified a large number
of PTB binding sites in the human transcriptome (11), our
results strongly suggest that mt tRNAT is the most abun-
dant single cellular RNA associated with human PTB (Fig-
ure 1). Characterization of the PTB-associated fraction of
mt tRNAT revealed that PTB interacts with correctly pro-
cessed mature mt tRNATM . Consistent with this, PTB activ-
ity is dispensable both for mt tRNATI expression and mi-
tochondrial protein synthesis, suggesting that mt tRNATH"
accumulating in the cytoplasm and interacting with PTB
has a novel cytoplasmic function (Figure 5C and D). The
increased accumulation of PTB/mt tRNA™" complex in
apoptotic cells points to a possible functional connection
between apoptosis and PTB and mt tRNAT"" association.
Interestingly, in apoptotic cells where cap-dependent trans-
lation is compromised, PTB is known to promote IRES-
dependent translation of key regulatory proteins control-
ling apoptosis, including Apaf-1, p53, p58/Cdkl11, c-myc
and VEGF (reviewed in 1), raising the possibility that mt
tRNAT' might modulate the translational stimulatory ca-
pacity of PTB. Unfortunately, we failed to reduce signifi-
cantly the cytoplasmic level of mt tRNAT by using RNAi
(our unpublished results). On the other hand, increasing of
the concentration of mt tRNAT" in the cytoplasm of apop-
totic or control HeLa cells by transfection of in vitro tran-
scribed mt tRNATP had no significant effect on the transla-
tion of a dicistronic luciferase reporter mRNA placed under
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the control of the PTB-dependent c-myc or rhinoviral IRES
(data not shown).

Finally, our more recent preliminary results strongly sup-
port that mt tRNAMet and mt tRNAT™ are not the only
mt tRNAs accumulating in the cytoplasm of human cells.
We have found that all mt tRNAs are present in the cy-
tosol of HeLa cells and they seem to interact with cytoplas-
mic RNA-binding proteins (Jady and Kiss, unpublished ob-
servations), supporting the fascinating idea that mt tRNAs
have a more complex cytoplasmic function than anticipated
before.
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