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Abstract. Cytoplasmic translation is under sophisti-
cated control but how cells adapt its rate to constit-
utive loss of mitochondrial oxidative phosphorylation
is unknown. Here we show that translation is re-
pressed in cells with the pathogenic A3243G mtDNA
mutation or in mtDNA-less p” cells by at least two
distinct pathways, one transiently targeting elongation
factor eEF-2 and the other initiation factor elF-2a
constitutively. Under conditions of exponential cell
growth and mammalian target of rapamycin (mTOR)
activation, eEF-2 becomes transiently phosphorylated
by an AMP-activated protein kinase (AMPK)-de-

pendent pathway, especially high in mutant cells.
Independent of AMPK and mTOR, elF-2a is con-
stitutively phosphorylated in mutant cells, likely a
signature of endoplasmic reticulum (ER)-stress re-
sponse induced by the loss of oxidative phosphoryla-
tion. While the AMPK/eEF-2K/eEF-2 pathway ap-
pears to function in adaptation to physiological
fluctuations in ATP levels in the mutant cells, the
ER stress signified by constitutive protein synthesis
inhibition through elIF-2a-mediated repression of
translation initiation may have pathobiochemical
consequences.
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Introduction

The main site of ATP synthesis (>90%) is the
mitochondrion, which produces ATP by oxidative
phosphorylation of ADP (OXPHOS). The OXPHOS
system comprises five complexes embedded in the
inner mitochondrial membrane and is composed of
~90 protein subunits. Mitochondria contain their own
circular genome, the mtDNA, which encodes a subset
of 13 of these OXPHOS subunits together with the 22
tRNAs and 2 rRNAs required for mitochondrial
translation within the matrix. Maternally inherited
mutations in mtDNA in general and nucleotide
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substitutions in the mitochondrial tRNA genes in
particular lead to altered mitochondrial translation,
decreased OXPHOS activity and respiration, and are
important factors in the pathogenesis of several
multisystem disorders including maternally inherited
diabetes and deafness (MIDD; OMIM 520000) and
mitochondrial encephalomyopathies such as mito-
chondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS; OMIM 540000)
and myoclonic epilepsy associated with ragged red
fibers (MERRF; OMIM 545000) [1-11]. Also clonal
accumulation of acquired mtDNA mutation and
OXPHOS failure has been implicated in aging dis-
eases such as sarcopenia and Parkinson’s disease [12—
14]. Next to a role in degenerative diseases, acquired
mtDNA mutations have been increasingly implicated
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in tumor progression by conferring tumor cells with
growth advantages and metastatic potential [15-17].
With the equivalent of more than four ATPs invested
in each peptide bond, cytoplasmic translation is highly
demanding on ATP supply in any cell type. Following
cell division the complete proteome has to be dupli-
cated in a relative short period of time, making cell
growth and proliferation highly energy demanding
processes. In exponentially growing cells, cytoplasmic
protein synthesis is high but drops considerably when
the culture reaches confluency and cells enter the
stationary phase ([18] cf. [19]). Also non-proliferative
cells that function to produce large amounts of
secretory proteins have high energy demands, for
instance insulin synthesis in pancreatic f§ cells.
Protein synthesis can be conveniently divided into
three stages: initiation, elongation and termination of
mRNA translation. Especially at the initiation and
elongation level elaborate control systems have
evolved to regulate protein synthesis rates [20, 21].
They use the energy sensing mechanism of AMP-
activated protein kinase (AMPK) [22] as well as
nutrient availability cues and growth and proliferation
signals centering around the mammalian target of
rapamycin (mTOR), thus regulating initiation factor
4E binding protein (4E-BP) and elongation factor 2
(eEF-2). AMPK activates tuberous sclerosis complex
1/2 (TSC1/2) [23] leading to reduced mTOR signaling
and thereby reduction of inactivating phosphorylation
of eEF-2 kinase (eEF-2K) at Ser366 by ribosomal
protein S6 kinase (S6K) [24], as well as Ser78 and
Ser359 by unknown kinases (for a review see [25]).
Ultimately, this pathway through mTOR inactivation
leads to eEF-2 phosphorylation and consequently
inhibition of elongation [24, 26].

However, a direct route from AMPK to eEF-2K and
translation regulation has also emerged [27, 28]. In
this mTOR-independent pathway, AMPK directly
phosphorylates eEF-2K at Ser398 leading to its
activation [29]. Finally, AMPK is also implicated in
inhibition of the initiation phase of translation
through mTOR and initiation factor 4E-BP1 dephos-
phorylation [30]. A second initiation factor, eIF-2a, is
regulated independently of AMPK and mTOR, but
acts in response to a variety of cellular stresses like
unfolded proteins in the endoplasmic reticulum (ER)
through PKR-like ER kinase (PERK) or amino acid
deprivation through general control non-repressible 2
(GCN2) [31-34]. While phosphorylation of elF-2a
serves to impair general protein synthesis, it also
causes up-regulation of the translation of certain
specific mMRNAs that encode transcription factors like
activating transcription factor 4 (ATF4), thereby
launching an integrated stress response [35].

Translation repression by mtDNA mutations

When cells are temporarily challenged by diminution
of ATP production by glucose deprivation, hypoxia or
inhibitors of OXPHOS, they respond to these con-
ditions of acute energy stress by down-regulating
ATP-consuming processes and activating protective
pathways until the stress is corrected or removed [28,
34,36-38]. However, in the case of a constitutive loss
of mitochondrial energy supply by mtDNA mutation,
the energy crisis is sustained, and to maintain viability
and functional integrity they have to adapt to the
condition that substrate level ADP phosphorylation
during glycolysis has become the only ATP source.
Using an A3243G cybrid cell and a mtDNA-less cell
model, we investigated the role of key regulators of
translation in this process to gain clues to the under-
lying adaptive mechanisms. We found that these cells
have engaged a constitutive repression of translation
initiation by phosphorylation of eIF-2a and that they
transiently repress energy-consuming elongation only
under conditions of rapid cell growth by phosphor-
ylation of eEF-2.

Materials and methods

Cell culture. The mitochondrial transformants (cy-
brids) used in this study were generated earlier by the
transfer of mitochondria from fibroblasts from an
A3243G MIDD patient to mitochondrial DNA-less
143B p° cells [6, 39, 40]. They contained either the
wild-type (VW6 and VW7) or the A3243G mutant-
type (VM48, VM50 and VMS50rev) tRNAMVUR)
gene. Cybrids and p” cells were characterized with
respect to mtDNA genotype, respiration and popula-
tion doubling time (Table 1). All cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) con-
taining high glucose (4.5 mg/ml) and 110 pg/ml pyr-
uvate supplemented with 50 pg/ml uridine and 10 %
fetal bovine serum. Cells were maintained at 37°Cin a
humidified atmosphere of 5% CO,/95 % air and sub-
cultured twice a week via trypsin treatment to a cell
plating density of 10-15% confluency. The A3243G
mutation level was determined before each experi-
ment using a PCR-RFLP assay [3]. Absence of
detectable mtDNA in p” cells was confirmed by lack
of the expected band after the mtDNA PCR [3].
mtDNA copy numbers of the cybrids were compara-
ble (~2000) as determined by the ACt method [41].

Inhibitors. Antimycin A, oligomycin and rapamycin
were from Sigma-Aldrich. Rotenone was from BDH.
AMPK inhibitor compound C was from Calbiochem.

Protein synthesis. Cytoplasmic protein synthesis rate
was estimated from the incorporation of L-
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Table 1. Genotype and phenotype of cell lines.
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Cell type mtDNA genotype Respiration (fmol O,/cell/h)* Doubling time (h) ATP (pmol/ug protein)
VW6 wt ~78 2343 n.d.’

VW7 wt 82 +20 23+5 158 +22

VM48 98 % A3243G ~9 29+1 n.d.

VM5S0 >98 % A3243G 71+50 27+ 4 11.9+2.6

VM350rev ~70% A3243G 70 £+ 21 n.d. n.d.

e° no mtDNA <05 27+2 124 +25

* Values + SD (n>3)
® n.d., not determined

[4,5-’H]leucine into trichloroacetic acid-precipitable
material essentially as described [19, 40]. Cells were
seeded at different densities in six-well plates (day 1)
and allowed to proliferate for 2 days on high glucose
DMEM with one refreshment at day 2 so as to prevent
acidification and to compensate for excessive glucose
consumption by the mtDNA mutant cells. At day 3 the
cells were again refreshed but this time using DMEM
with low glucose (1 mg/ml) and without serum but
2.5 mg/ml bovine serum albumin to prevent induction
of serum-stimulated pathways just before experiments
were performed. The low glucose served as an addi-
tional energy challenge, but was not essential for
observing translation repression and phosphorylation
of eEF-2 and S6. The cells were allowed to starve in
the serum-free, low-glucose medium for 3 h before
[’H]leucine incorporation was performed. Cells were
washed three times with PBS and incubated for 90 min
at 37°C in 0.75 ml leucine-free DMEM/F12 medium
containing 10 pCi L-[4,5-°H]leucine (Amersham/GE
healthcare) and 10 uM unlabeled leucine. Cells were
then again washed three times with PBS and thor-
oughly dissolved in 1 ml 0.2 M NaOH. Aliquots of
100 pl were precipitated by the addition of 100 pl 20 %
trichloroacetic acid, and assayed for total protein
content by a bicinchoninic acid-based protein assay
(Pierce, USA) or for the incorporation of [*H]leucine
into protein using a GF/C filter assay [40]. The rate of
protein synthesis is expressed as the amount of
[*H]leucine incorporated per ug protein per hour.
Protein concentration was also used as an estimate for
cell density, 30—35 pg/cm?® protein corresponding to
confluency (i. ., all area just covered with cells) for all
cells, whereas maximum densities were estimated as
~80, ~60 and ~45 ug/cm?* for VW7, VM50 and p° cells,
respectively.

ATP determination. ATP levels were determined
from perchloric acid extracts using an ATP biolumi-
nescence assay (Roche). Briefly, cells at ~90% con-
fluency (~30 pg protein/cm?) were deprived of serum
and glucose as described in the “protein synthesis”

section, washed with PBS and scraped in 8%
perchloric acid. After centrifugation the supernatant
was neutralized with 3 M K,CO; and used for ATP
determination. The precipitate was dissolved in 0.2 M
NaOH and used for protein determination, which
served for normalization of ATP values.

Preparation of extracts and in vitro translation. In
vitro translation experiments were performed with
cytosolic and salt-washed (poly)ribosomal fractions
both freed from the endogenous amino acid and
nucleotide pools using the method essentially as
described [42]. Post-mitochondrial supernatant was
prepared from the cells of ten 14-cm plates of VW7,
VM350 or p° as described in [6] up to and including
centrifugation for 45 min at 10 000 g to remove the
mitochondria. The post-mitochondrial supernatant
was passed through G-25 to remove small molecular
weight material and processed by centrifugation to
obtain the cytosolic and salt-washed (poly)ribosomal
fractions [42]. In vitro translation was assessed from
[*H]leucine incorporation in a 40-ul assay containing
25 ug cytosolic protein and 25 pg (poly)ribosomal
protein [42]. Reactions were performed in the pres-
ence of added ATP and GTP (200 uM each), and a
NTP-regenerating system consisting of 10 mM phos-
phocreatine and creatine phosphokinase (Roche).

Western blotting. For Western blotting, series of
VM50, VW7 and p° cells in 9-cm dishes were treated
identically and in parallel with the cells for ["H]leucine
incorporation in 6-well plates up to and including the
starvation period. Then cells were washed three times
with PBS and thoroughly dissolved by shearing in 2 %
SDS, 50 mM Tris-HCI pH 6.8. After determination of
protein content, samples were diluted to obtain
3.0 mg/ml protein in SDS-PAGE sample buffer. To
ensure direct comparison of phosphorylation and
protein level between wild-type and mtDNA mutant
cells, the six different samples from both cell types
were always analyzed on the same Western blot. Blots
were probed with antibodies from Cell Signaling
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Figure 1. The cytoplasmic translation rate decreases at high cell density and is repressed in mitochondrial DNA (mtDNA) mutant cells. (A)
[PH]Leucine incorporation at different densities of wild-type (VW6, VW7), A3243G mutant (VM48, VM50) and p° cells is shown.
Translation rate is expressed as cpm of [’H]leucine per ug of protein + SD (n=4), whereas the amount of cell protein present on the dish is
taken as a measure of cell density (ug of protein per cm? culture area). Although [*H]leucine incorporation assays suffer somewhat from
intra-experimental variation (see also Fig. 2A)), mtDNA mutant cells repeatedly showed reduced translation compared to wild-type cellsin
replicate experiments (n=7), including A3243G cybrids from a different donor (not shown). (B) The homoplasmic mutant VM50 cells from
(A) turned out to be slowly shifting to wild type after prolonged continuous culture. After about 30 weeks they proved to be ~70 % mutant
(below the critical threshold) and respiring. The translation rate of these cells (VMS50rev in B) was similar to the wild-type rates. Presence of
mitochondrial translation inhibitor chloramphenicol did not have a significant effect on [*H]leucine incorporation (not shown).

Technology [eEF-2, p-Thr56-eEF-2, S6, p-Ser235/236-
S6, eIF-2a., p-Ser51-elF-2a, 4E-BP1, p-Thr37/46-4E-
BP1, p-Ser65-4E-BP1, p-Thr70-4E-BP1, mTOR, p-
Ser2448-mTOR, AMPKa, p-Thr172-AMPKa, acetyl-
CoA carboxylase (ACC), p-Ser79-ACC] and Santa
Cruz (p-Thr981-PERK) in the dilution suggested by
the manufacturer. Phosphorylation of ACC was used
as read-out for AMPK activity and that of S6 for
mTOR activity.

Results

In cultures of human cells, the rate of protein synthesis
per cell is progressively down regulated as the culture
becomes more confluent [18]. Therefore, we com-
pared the different cell types (Table 1) at increasing
densities [19]. The rate of cytoplasmic translation is
high in exponentially growing cells and gradually
decreases as the cell cultures become denser and reach
stationary phase (Fig. 1A). All cell clones investigat-
ed, whether near homoplasmic A3243G mutant, wild
type or mtDNA-less (p”), showed this density depend-
ence. However, compared to wild-type cells, cybrid
cells harboring the A3243G mutation and p° cells
showed a large repression in translation at all den-
sities, with p’ cells often showing the largest decrease.
As can be seen in Table 1, A3243G and p° cells have
elevated population doubling times compared with
wild-type cells, likely a direct consequence of the

reduced translational rates. One of the near-homo-
plasmic cell lines, VM50 (>98 % A3243G), was keptin
continuous culture for 30 weeks and ‘shifted’ to ~70 %
mutation load. This ‘revertant’ cybrid cell line, denot-
ed VMS5Orev, regained mitochondrial respiration
(70£21 fmol Oy/cell/h) and also recovered from
repression of translation (Fig.1B). Thus, mtDNA
mutations above the critical threshold cause reduced
mitochondrial respiration and repression of cytoplas-
mic translation.

To rule out the trivial explanation that a dramatic drop
in ATP level leads to repression of translation by
direct ATP depletion, cellular ATP content was
measured and found to be only ~25% decreased in
A3243G and p° cells (Table 1). Although ATP syn-
thesis in p” and A3243G cells relies only on glycolysis,
the total amount of cellular ATP obviously remains at
a comparable level under our experimental trans-
lation conditions. However, when glucose is fully
withdrawn from the culture medium, wild-type cells
retain their ATP level for up to 3 h, but mutant cells
show a large additional drop (>50 %) in cellular ATP
level (not shown). A ~25% reduction in ATP can
hardly explain the large two- to fourfold repression of
translation rates in mutant cells. To support this notion
we performed in vitro translation experiments under
conditions of equal and fixed ATP concentration and
again found strong repression of translation in the
extracts of mtDNA mutant cells (Fig. 2). Therefore, it
is likely that the protein synthesis machinery senses
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mitochondrial dysfunction through a signaling cas-
cade that ultimately affects one or more translation
factors regulating protein synthesis.

12000
=vVw7

[3H]Leucine incorporation (cpm)

0 5 10 15 20 25
Time (min)

Figure 2. Repression of in vitro translation in the presence of excess
ATP. Post-mitochondrial fractions from wild-type, A3243G and p°
cells were freed from their endogenous nucleotide and amino acid
pool as described in “Experimental procedures”. In vitro trans-
lation was tested by [*H]leucine incorporation into protein in the
presence of added ATP, GTP and a NTP regenerating system. The
incorporation of [*H]leucine was reproducibly low in VM50 (n=2)
and p° (n=2) compared to VW7 cell extracts (n=3). A representa-
tive experiment (with n=1 per time point) is shown. Note that the
repression of in vitro translation is observed in the presence of
added (thus equal) amino acid levels and equal specific radio-
activity of the label.

Key regulators/markers of translation, elongation
factor eEF-2, ribosomal protein S6 and initiation
factors elF-20. were initially analyzed at different
densities of wild-type VW7 and p° cells. Interestingly,
they all showed a distinct phosphorylation pattern.
The phosphorylation of eEF-2 was highly elevated in
p’ cells compared to VW7 cells and showed a strong
density-dependent response in both cell types (Fig. 3).
VW7 cells exhibited a comparable but less vigorous
response to low densities. Phosphorylation of S6 also
showed a clear density-dependent response, but in
contrast to eEF-2, there was no large difference
between wild-type and p° cells. The phosphorylation
of eIF-2a was clearly elevated in p° cells but with no
pronounced effect of cell density in either cell type.
These experiments were replicated and extended with
VM50 cybrid cells harboring the A3243G mutation
(Fig. 4). Similar phosphorylation patterns were ob-
served for eEF-2, S6 and eIF-20. in VM50 cells: eEF-2
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Figure 3. Transient and constitutive repression mechanisms control
cytoplasmic translation factors. VW7 and p° cells were grown at six
different densities and equal amounts of protein subjected to
Western blot analysis. Total eEF-2 and elF-2a are shown as equal
load controls of this series of samples.

phosphorylation was elevated at low density in all cell
types, but with a much more pronounced effect in the
A3243 mtDNA mutant and p” cells. S6 phosphoryla-
tion was also enhanced at low densities, but with no
strong effect of mtDNA mutation or absence of
mtDNA. In contrast, eIF-20. phosphorylation was
clearly elevated in A3243G and the p° cells but
without strong cell density dependence. In summary,
elongation factor eEF-2 responded cell density-de-
pendently with the stronger effect in the mtDNA
mutant cells, whereas initiation factors eIF-2a showed
constitutively increased phosphorylation that was
largely independent of cell density.

Reduced ATP synthesis leads to accumulation of
AMP, a major end product of elongation, and by
dismutation of ADP by the action of adenylate kinase
[43]. Increased AMP/ATP ratios are sensed by
AMPK, which signals to downstream translation
factors. The activation of the energy sensor AMPK
in mutant cells correlated well with the phosphoryla-
tion of eEF-2 and of its read-out ACC (Fig. 4). This
strongly suggests the involvement of AMPK in
inactivating eEF-2. In addition, compound C, an
ATP-competitive inhibitor of AMPK, reduces
AMPK phosphorylation and activity (as inferred
from ACC phosphorylation) in p° cells with a con-
comitant decrease of eEF-2 phosphorylation (Fig. 5).
Furthermore, when energy stress was induced in wild-
type cells by treatment with inhibitors of OXPHOS,
both AMPK and eEF-2 responded concomitantly to a
level nearly equal to that seen in untreated p° cells
(Fig.5). Thus, eEF-2 becomes inactivated under
conditions of diminished energy supply, whether
induced by the mutant mtDNA genome or chemically.
AMPK activates TSC1/2 [23] leading to reduced
mTOR signaling, activation of eEF-2K by reduced
phosphorylation at Ser366 by S6K [24, 25] and,
ultimately, phosphorylation and inactivation of eEF-
2 [24, 26]. The phosphorylation of mTOR, and its
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eEF-2 at low cell density when proliferation and ATP
consumption are high. However, there is no clear
effect of mtDNA mutation or absence of mtDNA on
mTOR and S6 phosphorylation. This indicates that
the elevated phosphorylation of eEF-2 in mtDNA
mutant cells is not mediated by mTOR under our
experimental conditions.

Additional support for the independence of eEF-2
phosphorylation of mTOR activation comes from
inhibition of mTOR with rapamycin. The phosphor-
ylation pattern of eEF-2 in p” cells remained un-
changed after treatment with rapamycin while phos-
phorylation of mMTOR and S6 were severely decreased
(Fig. 6). Furthermore, chemical inhibitors of oxidative
phosphorylation evoked phosphorylation of AMPK,
eEF-2, and ACC in wild-type cell similar to the levels
of p° cells, but without a clear effect on mTOR and S6
phosphorylation (Fig. 5), suggesting also the absence
of AMPK signaling to mTOR.

el S el p-eEF-2
el bl ) ) . e D-ACC
W e — D-MTOR
—— ——— -1 S O

- — — o ws AN PK
I R N ol i)

Figure 5. Stimulation and inhibition of AMPK-activated pathways.
Energy stress was chemically induced in wild-type cells at high
density (~50 pg) by treatment (30 min) with inhibitors of oxidative
phosphorylation (OXPHOS), 10 uM rotenone (complex I), 1 uM
antimycin A (complex IIT) and 0.5 uM oligomycin (complex V).
This response was nearly equal to that seen in untreated p’ cells at
low density (~25 pg). Inhibition of AMPK phosphorylation by
incubation (5 h) with 0.25% DMSO alone or 20 pM compound C
(dissolved in DMSO) leads to a concomitant decrease of the
phosphorylation of eEF-2 and ACC in p° cells.



Cell. Mol. Life Sci. ~ Vol. 66, 2009

- + rapamycin
_— 1 ___——""1 celldensity
bvsmsmem = “mmmes o p-mTOR
o — . p-1pS6
bobubsbsce  blbdbdi p-eEF-2
Adeam - p-AMPK

Figure 6. Signaling to eEF-2 is not mediated by mammalian target
of rapamycin (mTOR). p° cells at different densities were treated
for 30 min with 100 nM rapamycin or left untreated.

Compared to wild-type cells, the level of phosphor-
ylation of the initiation factor eIF-2a was found to be
systematically higher in the mtDNA mutant cells and
largely independent of cell density (Figs.3 and 4),
indicating a constitutively active upstream pathway.
Four different kinases are known to regulate eIF-2a.
Three of them are unlikely to be involved under the
conditions used here (see discussion) and we consid-
ered PERK as the most likely candidate. PERK
phosphorylation was slightly but significantly elevated
in VM50 A3243G cybrid cells (Fig. 7) and in p° cells
(not shown) and, similar to eIF-2a phosphorylation,
largely independent of cell density.

Discussion

Translation of mRNA is a basic cellular process that is
under sophisticated control. Nutrient and energy
availability, growth and proliferation signals as well
as a variety of cellular stresses exert global and
mRNA -specific translation control via different path-
ways. Here we show that cells with constitutive loss of
OXPHOS due to mtDNA mutations repress trans-
lation and activate two independent signaling path-
ways, one targeting eEF-2 in a transient way and one
targeting elF-2a in a constitutive way. Repression
mechanisms other than those mediated by phosphor-
ylation of eEF-2 or elF-2a can, however, not be
excluded at present. Note that phosphorylation of
most of the proteins analyzed here strictly depended
on cell density. Density dependent analyses thus
permitted distinction between transient and constitu-
tive phosphorylation mechanisms. Figure 8 illustrates
the working model used to explain cell-density and
mtDNA mutant effects on translation.

Protein synthesis consumes a large fraction of cellular
ATP production, making it subject to down regulation
when ATP levels drop. A3243G and p° cells have
decreased growth rates, likely a direct consequence of
the reduced translational rates. The elongation phase
uses almost all the energy required for translation and
it makes sense to target this phase when ATP levels
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transiently drop during normal cellular functioning:
polysomes remain preserved and cells can resume
protein synthesis when the energy supply is restored
[25]. For instance, when ATP synthesis is suddenly
diminished through hypoxia, anoxia or inhibitors of
OXPHOS, the cell rapidly responds (minutes to
hours) to the altered condition by increasing phos-
phorylation of eEF-2 and decreasing translation [27,
28, 38]. How the cell will deal with long term absence
or low mitochondrial ATP synthesis is unknown, but
this is crucial for understanding the adaptive processes
which leads from dysfunction to death, survival or
(cancerous) growth of cells with an mtDNA mutation.
We show that both mutant cell types, and to a much
lesser extent the wild type cell, display a transient
energy saving response through phosphorylation of
eEF-2 at low cell density when growth and prolifer-
ation temporarily demand for increased amounts of
ATP (Figs.3 and 4). In a confluent culture, in the
absence of high ATP demand, the three cell types
display very low, if any, phosphorylation of eEF-2 or
AMPK. Phosphorylation of eEF-2 therefore cannot
play a role in density-dependent down regulation of
translation but rather seems crucial for transient
energy saving under temporary physiological and
non-physiological ATP restrictions [27, 28, 38].

A
VW7 VM50 cell type

/| /| cell density

fmpapes SRR, F-PERK
SSssse et Bmaaaaaa p-clF-2a
B i s s s e CIF-200

Figure 7. A3243G mutant cells show a constitutive elevated
phosphorylation of PERK and eIF-2a. (A) Representative blots of
PKR-like ER kinase (PERK) and eIF-2a phosphorylation.

mTOR has emerged as a critical growth control node
integrating signals from growth factors, nutrient and
energy availability [20, 21, 25, 44]. In particular
mTOR regulates factors involved in mRNA trans-
lation like S6, 4E-BP1 and eEF-2. The mTOR and S6
phosphorylation paralleled each other as expected, as
well as the density-dependent down regulation of
translation. TSC1/2 mediates cellular energy response
through mTOR when HEK 293 cells are ATP
depleted by treatment with 2-deoxy glucose and
mitochondrial inhibitors [23]. In our cells, which are
adapted to constitutive loss of mitochondrial ATP
synthesis, mTOR and S6 phosphorylation did not
respond to mtDNA mutation or to chemical inhibition
of OXPHOS complexes. Thus, mTOR activity closely
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Figure 7. (continued) (B) graphical representation of the data in
(A) after correction for total eIF-2a protein. VM50 cells show an
increase in phosphorylation with p<0.05 for p-PERK and p<0.01
for p-elF-2a.

correlates with growth and proliferation in all cell
types, but presumably does not receive additional
signals from activated AMPK due to energy shortage
in mtDNA mutant cells ([28] c¢f. [23]). Interestingly, as
shown here mTOR is activated at low cell densities in
the absence of growth factors (Fig. 4).

Growth factor stimulated dephosphorylation of eEF-2
is under the control of mTOR and P70 S6kinase [24,
26]. In contrast, in the absence of growth factors but
under conditions that activate AMPK, phosphoryla-
tion of eEF-2 is mediated independent of mTOR [27,
28, 38]. Interestingly, the inhibitor of mMTOR rapamy-
cin can inhibit insulin and TPA stimulated translation
in HEK 293 cells and cardiomyocytes, but has little
effect, if any, on basal (non-stimulated) translation
itself [25]. In this mTOR-independent pathway,
AMPK directly phosphorylates eEF-2K at Ser398
leading to its activation [29]. Therefore, it seems
reasonable to assume that also in our cells this direct
pathway is used to modulate protein synthesis rates in
response to ATP fluctuations during normal cellular
functioning, whether the cell relies only on glycolysis
or full glucose oxidation. Part of the mtDNA mutation
dependent repression of translation at the lower cell
densities can thus be explained by suppression of
elongation through the direct AMPK/eEF-2K/eEF-2
pathway involving the activating phosphorylation of
eEF-2K at Ser398. This pathway, however, cannot
explain the strong repression of translation that occurs
at all densities under mtDNA induced dysfunction.
With elF-2a being systematically at a higher phos-
phorylation level in mutant cells with marginal effects
of cell density (Figs. 3, 4 and 7), it seems responsible
for the mtDNA mutation-induced translational re-
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pression. eIF-2a appears at the end of a constitutively
active signal transduction route originating from
respiration-deficient mitochondria (Fig. 8). To adapt
to a state of constitutive low energy production as is
present in the glycolytic mtDNA mutant cells, it
makes sense indeed to permanently down regulate
protein synthesis rates by inhibition of initiation of
translation.

mtDNA
Growth and .
Proliferation PERK? mutation
Signals L :
mTOR elF-2a

pS6 \

r ATPj
L‘ ADP J

eEF-2 AMP
Growth and T l
Proliferation eEF-2K AMPK
S398

Figure 8. Scheme depicting an integrated model for transient and
constitutive repression mechanisms of translation. In this model,
under conditions of high ATP consumption such as protein
synthesis in proliferative cells, the transient repression of eEF-2
is mediated by AMPK by direct phosphorylation of Ser398 of eEF-
2K. The constitutive absence of OXPHOS indirectly underlies the
constitutive repression of elF-20. possibly via perturbed ER-
mitochondrion interaction and PERK activation. Note that both
translation factors are essential workhorses in translation and that
their activity is inhibited by phosphorylation.

Four eIF-2a kinases are known [21, 33]. Protein
kinase RNA activated (PKR) is involved in the
dsRNA interferon response, heme-regulated elF-2a
kinase (HRI) in balancing globin synthesis to hemin
availability in erythrocytes, GCN2 in sensing avail-
ability of amino acid and PERK in ER stress
responses. From these, PERK is the most likely
candidate for elevated elF-2a phosphorylation be-
cause PERK phosphorylation was also slightly but
significantly elevated in mtDNA mutant cells (Fig. 7).
Furthermore, we did not introduce stimuli such as
amino acid deprivation that might trigger GCN2 and
cells were cultured under the same conditions. Al-
though formally a contribution of PKR or HRI cannot
be excluded, the activation of PERK strongly suggests
that the mtDNA mutant cells have launched an ER
stress response upon loss of OXPHOS.

Recently, evidence has accumulated that Ca®>" ex-
change occurs at close contacts points between the ER
and mitochondria, the so-called mitochondria-associ-
ated ER membranes or MAMs [45-50]. Given the
strong dependence of mitochondrial Ca*" uptake on
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the mitochondrial electrochemical proton gradient
over the inner membrane, it is likely that cells with no
OXPHOS have perturbed Ca*" homeostasis. Indeed,
fibroblasts of MELAS patients cannot properly se-
quester calcium influxes [51]. Also it has been shown
that mitochondria from p” and MERRF cells have
lowered ability to take up Ca*" released from the ER
[52, 53]. This would indicate that in cybrid cells loss of
mitochondrial respiration perturbs Ca®" signaling at
the ER-mitochondrial contact points leading to an ER
stress with PERK and elIF-2a phosphorylation and
concomitant suppression of translation initiation
(Fig. 7), and suggests that loss of OXPHOS per se
rather than energy status, leads to ER stress, activation
of PERK and enhanced elF-2a phosphorylation.
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