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Bax inhibitor-1 (BI-1) is an evolutionarily conserved pH-dependent Ca2+ leak channel in the endoplasmic
reticulum and the founding member of a family of six highly hydrophobic mammalian proteins named
transmembrane BAX inhibitor motif containing (TMBIM) 1-6 with BI-1 being TMBIM6. Here we compared the
structure, subcellular localization, tissue expression and the effect on the cellular Ca2+ homeostasis of all family
members side by side. We found that all TMBIM proteins possess the di-aspartyl pH sensor responsible for pH
sensing identified in TMBIM6 and its bacterial homologue BsYetJ. TMBIM1-3 and TMBIM4-6 represent two
phylogenetically distinct groups that are localized in the Golgi apparatus (TMBIM1-3), endoplasmic reticulum
(TMBIM4-6) or mitochondria (TMBIM5) but share a common structure of at least seven transmembrane do-
mains with the last domain being semi-hydrophobic. TMBIM1 is mainly expressed in muscle, TMBIM2 and 3
in the nervous system, TMBIM4 and 5 are ubiquitously expressed and TMBIM6 in skeletal muscle, kidney, liver
and spleen. All TMBIM proteins reduce the Ca2+ content of the endoplasmic reticulum, and all but TMBIM5
also reduce the cytosolic resting Ca2+ concentration. These results suggest that the TMBIM family has comparable
functions in themaintenance of intracellular Ca2+ homeostasis in awide variety of tissues. This article is part of a
Special Issue entitled: 13th European SymposiumonCalcium.Guest Editors: JacquesHaiech, ClausHeizmannand
Joachim Krebs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

BAX inhibitor-1 (BI-1) is an anti-apoptotic protein of seven trans-
membrane domainsfirst identified in a screen for human proteins capa-
ble of inhibiting BAX-mediated cell death in yeast [1]. In mammals, its
cytoprotective properties aremost evident in paradigms of endoplasmic
reticulum (ER) stress and ischemia/reperfusion injury.Mammalian cells
stably overexpressing BI-1 are protected against ER stress [2,3], and BI-
1-deficient mice have increased infarct volumes after occlusion of the
middle cerebral artery, a mouse stroke model, and increased sensitivity
to tunicamycin-induced kidney toxicity [2]. The inhibitory effect of BI-1
on ER stress appears to be mediated via a direct interaction with
inositol-requiring enzyme 1α (IRE1α), an ER resident serine/threonine
opean Symposium on Calcium.
im Krebs.
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).
protein kinase and endoribonuclease, which induces the expression of
genes implicated in the unfolded protein response [4]. Lack of BI-1
therefore leads to a defective unfolded protein response and increased
susceptibility to ER stress.

BI-1 also plays an important role in maintaining intracellular Ca2+

homeostasis. TMBIM6 knockout hepatocytes have an increased ER
Ca2+ content [2], whereas overexpression of BI-1 causes reduced
agonist-induced Ca2+ responses due to a reduced ER Ca2+ content [5].
A peptide corresponding to the semi-hydrophobic seventh transmem-
brane domain of BI-1 is capable of causing Ca2+ release from biological
and artificial membranes, and this is abolished by themutation of a sin-
gle aspartic acid residuewithin this potential pore domain [6]. Also, full-
length BI-1 with this mutation loses its ability to lower the ER Ca2+ con-
tent [6], suggesting that BI-1 is a Ca2+ leak channel in the ERmembrane.
Interestingly, decreases or increases in the intracellular pH shut down
Ca2+ flux through the BI-1 channel but not in the pore-dead D213A
mutant [7]). These observations are supported by a recent study charac-
terizing the three-dimensional structure and pH-sensitive Ca2+-flux
properties of a bacterial homologue of BI-1, BsYetJ [8]. BsYetJ possesses
a di-aspartyl pH sensor in its C-terminal pore domain (Asp171–
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Asp195), which corresponds to two aspartate residues in the pore do-
main of BI-1 (Asp188–Asp213). We therefore recently proposed a ho-
mology model of BI-1 and BsYetJ where the pore can be open (neutral
pH), open and sealed (acidic pH) or closed (basic pH) depending on
the cytosolic pH, explaining the bell-shaped effects of pH on Ca2+ flux
mediated by BI-1 [9].

BI-1 is the foundingmember of a family consisting of a total of six BI-
1-like proteins that have been described based on a signature pattern
(Prosite PDOC00957) corresponding to a region that starts with the
beginning of the third transmembrane domain and ends in the middle
of the fourth: G – x(2) – [LIVM] – [GC] – P – x – [LI] – x(4) – [SAGDT] –
x(4,6) – [LIVM](2) – x(2) – A – x(2) – [MG] – T – x – [LIVM] – x – F.
These BI-1 family proteins have been identified in several instances by
different groups and were given a wide variety of descriptive names.
The nomenclature accepted by the HUGO gene nomenclature commit-
tee for this gene family is TMBIM (transmembrane BAX inhibitor motif
containing) 1-6 with BI-1 being TMBIM6. This nomenclature will be
used for the remainder of the manuscript.

TMBIM1 (also known as RECS1, PP1201, LFG3, MST100, MSTP100) is
a 35 kDa protein predicted to contain seven transmembrane domains lo-
cated in endosomal/lysosomal membranes and ubiquitously expressed
in brain, heart, lung, liver, kidney, stomach, intestine, ovary, uterus, skel-
etal muscle, skin, adipose tissue, but not in the thymus, spleen or testis
[10]. TMBIM1/RECS1 plays a protective role in vascular remodeling and
its deficiency induces susceptibility to cystic medial degeneration in
aged mice [10]. TMBIM1/PP1201 also protects against Fas-mediated ap-
optosis by reducing Fas expression on the cell surface [11].

TMBIM2 (also known as NMP35, LFG, FAIM2, LFG2, NGP35,
KIAA0950) is a 35 kDa protein also predicted to contain seven trans-
membrane helices. Intracellularly, TMBIM2 is located in the ER and in
the Golgi apparatus as well as in lipid raft microdomains of the plasma
membrane [12,13]. TMBIM2/NMP35 is predominantly expressed in
the nervous system [14], most prominently in dendritic processes and
in a subset of synapses at the postsynaptic membrane and density
TMB
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Fig. 1. The secondary protein structure of the TMBIM family. TMBIM1-6 all have at least 7 transm
Hydrophobicity plots of TMBIM1-6 were generated by TMpred. Putative transmembrane dom
horizontal line.
[15]. TMBIM2/LFG protects from cell death induced by the FAS ligand,
but not by TNFα [12,13], and downregulation of endogenous
TMBIM2/LFG by small interfering RNA increases sensitivity of neuronal
cells to Fas ligand-induced cell death [12]. The lack of TMBIM2/FAIM2
increases caspase-associated cell death and stroke volume after cerebral
ischemia in vivo [16].

TMBIM3 (also known as LFG1, HNRGW, NMDARA1, MGC99687,
GRINA, GBP) is a 41 kDa protein predicted to have seven transmem-
brane helices first identified by expression cloning of a rat brain library
based on immunoreactivity to an antibody against the glutamate-
binding protein, a part of an NMDA-receptor-associated complex [17].
It was also identified as one out of 28 genes preferentially expressed be-
neath the marginal zone of the developing cerebral cortex of mice [18].
TMBIM3/GRINA is upregulated during ER stress and protects against ER
stress-mediated cell death via a mechanism that involves TMBIM6 and
IP3Rs [19].

TMBIM4 (also known as GAAP, S1R, LFG4, ZPRO, CGI-119) is a
27 kDa protein predicted to contain seven transmembrane domains.
TMBIM4/GAAP is expressed in many human tissues such as the heart,
brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, spleen,
thymus, prostate, testis, ovary, small intestine and colon. Intracellularly,
it is localized in membranes of the ER and Golgi apparatus. It was first
identified in humans as GAAP with a highly conserved counterpart
found in the vaccinia virus. The function of GAAPmost closely resembles
that of TMBIM6; human GAAP overexpression inhibits apoptosis trig-
gered by intrinsic and extrinsic stimuli [20] and reduces histamine-
induced Ca2+ release from intracellular stores by lowering the Ca2+

content of these stores and decreasing the efficacy of IP3 [21].
TMBIM5 (also known as GHITM, MICS1, DERP2, My021, PTD010,

HSPC282, FLJ26584, DKFZp566C0746) is a 37 kDa protein predicted to
contain eight transmembrane domains. TMBIM5/GHITM is expressed
ubiquitously in most tissues but less in the intestine and thymus [22].
Cleavage of a proposed N-terminal signal peptide results in its mature
form in vivo [22]. TMBIM5/MICS1 appears to reside in the inner
IM2
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mitochondrialmembrane and its downregulation results in themainte-
nance of the normalmitochondrial network and disorganization of cris-
tae failing [23]. TMBIM5/MICS1 downregulation induces a rapid release
of pro-apoptotic proteins from the mitochondria during apoptosis,
whereas its overexpression induces a stabilization of cytochrome c at
the inner membrane, irrespective of the permeabilization of the outer
membrane during apoptosis [23].

In this work, we first studied the primary structure, phylogenetic re-
lation and hydrophobicity of all mammalian TMBIM family proteins and
BsYetJ. This revealed two groups of very similar structure and a com-
plete conservation of the di-aspartyl sensor, suggesting comparable
functions in the maintenance of intracellular Ca2+ homeostasis. We
then compared tissue expression, intracellular localization and the
BsYetJ Q A T V - H E S K Q S I M Q R I L T V F V F T
hTMBIM1 E W D D - R K V R H T F I R K V Y S I I S V Q
hTMBIM2 S W D D - Q K V R R V F V R K V Y T I L L I Q
hTMBIM3 N W D D - K S I R Q A F I R K V F L V L T L Q

hTMBIM5 I W P - - - Q Y V K D R I H S T Y M Y L A G S
hTMBIM4 A S A T - V H I R M A F L R K V Y S I L S L Q

hTMBIM6 K F S H I T P S T Q Q H L K K V Y A S F A L C
Consistency 3 4 4 2 0 2 4 4 5 5 4 4 7 6 7 8 7 5 5 6 5 4 5

BsYetJ L M L P L S I L E V A M I I L A F W M - - R R
hTMBIM1 Y Y V S Y A V F V V T Y L I L A C C Q G P R R
hTMBIM2 Y W A S Y A V F F A T Y L T L A C C S G P R R
hTMBIM3 Y Y V S Y A V F F I S L I V L S C C G D F R R

hTMBIM5 T I G V T F A A M V G A G M L V R S I P Y D Q
hTMBIM4 I L L F A L G S L G L I F A L I L N - - - R H

hTMBIM6 G L L S A L G S L I L M I W L M A T P H S H E
Consistency 3 4 5 4 4 4 4 4 4 5 4 4 5 4 * 5 3 3 1 1 1 6 6

BsYetJ A S I A G A Y V V L E A F G S T F V I F A V L
hTMBIM1 Q - - - - T K A V I I A M I I T A V V S I S V
hTMBIM2 N - - - - T T S V L L C L G I T A L V C L S V
hTMBIM3 N - - - - T E A V I M A V G I T T A V C F T V

hTMBIM5 G - - - - P L L I R A A W Y T A G I V G G L S
hTMBIM4 D - - - - V Y I I L Q A F I L T T T V F F G L

hTMBIM6 I A V - N P S I L P T A F M G T A M I F T C F
Consistency 3 0 0 0 0 4 3 5 8 4 3 8 4 3 4 8 4 5 9 3 3 3 5

BsYetJ V V G I F N I - - - - F S P L N S A A M M A Y
hTMBIM1 V T G I V T S I V - L Y F Q Y V Y W L H M L Y
hTMBIM2 F S G L I L A I L - L P F Q Y V P W L H A V Y
hTMBIM3 I F A I L C - - - - - I F I R N R I L E I V Y

hTMBIM5 V S S L G S M F L P P T T V A G A T L Y S V A
hTMBIM4 L S G F L K - - - - - F F F Y S E I M E L V L

hTMBIM6 L S S L G N - - - - - V F F G S I W L F Q A N
Consistency 6 5 6 7 3 3 1 0 1 0 0 3 6 3 3 4 2 3 7 3 4 6 4

BsYetJ - - - I T E D L I P V M A L S L Y L D F I N L
hTMBIM1 - - T I S P E D Y I T G A L Q I Y T D I I Y I
hTMBIM2 - - S L S P E E Y I F G A L N I Y L D I I Y I
hTMBIM3 - - S L S P E E Y V F A A L N L Y T D I I N I

hTMBIM5 M Y G V Q K Y D P I N S M L S I Y M D T L N I
hTMBIM4 - - - L S P E E Y V L A A I S L Y L D I I N L

hTMBIM6 - - - - G D Q D Y I W H C I D L F L D F I T V
Consistency 0 0 1 5 6 5 6 5 5 7 3 4 6 8 5 8 9 6 * 5 9 5 8

TMD 2 cont.

TMD 4

TMD 5 cont.

TMD 7

Fig. 2.Alignment of TMBIMproteinswith the bacterial TMBIM6ortholog BsYetJ.Multiple protei
performed using PRALINEwith the BLOSUM62 scoringmatrix. The colors indicate the least cons
were removed. Key residues previously shown to be important in gating pH-dependent Ca2+ l
D213) are shown in yellow. Note that only residues corresponding to D188 and D213 in TMBIM
TMpred prediction are indicated by black lines.
effects on intracellular Ca2+ homeostasis of these proteins in parallel
experiments.

2. Materials and methods

2.1. Cloning of TMBIM1-6 and generation of stable cell lines

TMBIM1-6 expressing HT22 cells were generated with the PiggyBac
transposon system. cDNA sequences of TMBIM1-6 were generated by
PCR and inserted into the pPB-CAG-EBNXN vector (obtained via the
Sanger institute), N-terminally tagged with a hemagglutinin (HA) epi-
tope and C-terminally followed by an internal ribosomal entry site
(IRES) followed by the yellow fluorescent protein Venus. In TMBIM5-
L L I A T V G L F I G Q F V P V - - - - - - - - - - A
L L I T V A I I A I F T F V E P V S A F V R R N V A V
L L V T L A V V A L F T F C D P V K D Y V Q A N P G W
L S V T L S T V S V F T F V A E V K G F V R E N V W T

I G L T A L S A I A I S R T P V L M N F M M R G S W V
V L L T T V T S T V F L Y F E S V R T F V H E S P A L

M F V A A A G A Y V H M V T H F I Q - - - - - - - - A
7 4 8 7 5 5 3 5 3 7 4 4 5 4 3 3 6 3 1 4 3 2 2 3 1 1 4

R K A V G Y A F V Y T F A F V S G I T L F P I V S H Y
R F P W N I I L L T L F T F A M G F M T G T I S S M Y
H F P W N L I L L T V F T L S M A Y L T G M L S S Y Y
K H P W N L V A L S V L T A S L S Y M V G M I A S F Y

S P G P K H L A W L L H S G V M G A V V A P L T I L G
K Y P L N L Y L L F G F T L L E A L T V A V V V T F Y

T E Q K R L G L L A G F A F L T G V G L G P A L E F C
4 3 4 2 5 5 4 5 6 3 3 6 6 4 5 4 6 4 4 6 5 4 7 4 5 5 5

G T I G - A K M K K D L S F L W S F L L V A V L A L A
T I F C - F Q T K V D F T S C T G L F C V L G I V L L
T V F S - F Q T K F D F T S C Q G V L F V L L M T L F
V I F S - M Q T R Y D F T S C M G V L L V S M V V L F

T V A M - C A P S E K F L N M G A P L G V G L G L V F
T V Y T - L Q S K K D F S K F G A G L F A L L W I L C

T L S A L Y A R R R S Y L F L G G I L M S A L S L L L
6 7 4 4 0 3 6 4 7 3 6 7 5 4 4 3 6 3 8 3 6 4 5 3 5 8 4

S V I G T I V F S L Y I L Y D L N Q I K H R H - - - -
A A L G A I C F T L F L A Y D T Q L V L G N R K H - -
A A L G A G V F T L F L A L D T Q L L M G N R R H - -
A S L G A L L F T C F L A V D T Q L L L G N K Q L - -

M Y G G L V L F S M F L L Y D T Q K V I K R A E V S P
A A A G A L L F C G F I I Y D T H S L M H K - - - - -

L Y V G L V V M C G F V L F D T Q L I I E K A E H - -
6 4 5 * 5 5 6 8 5 3 9 8 6 6 * 8 6 4 7 5 3 6 3 2 2 0 0

F I N L L R F F G I L S S D D - - - - -
F T F V L Q L M G D R N - - - - - - - -
F T F F L Q L F G T N R E - - - - - - -
F L Y I L T I I G R A K E - - - - - - -

F M R V A T M L A T G G N R K K - - - -
F L H L L R F L E A V N K K - - - - - -
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* 4 3 6 7 4 6 6 5 3 3 4 3 1 0 0 0 0 0 0

TMD 1 TMD 2

TMD 3

TMD 5

TMD 6

n sequence alignment of the TMBIMprotein family and the bacterial homologueBsYetJ was
erved (blue) to themost conserved residues (red). Non-aligning N-termini of each protein
eak by BsYetJ and putative corresponding residues in TMBIM6/BI-1 (H78, D188, D209 and
6 are strictly conserved across all proteins. Transmembrane domains (TMD) according to



TMBIM2

TMBIM6

F
ol

d 
ex

pr
es

si
on

100

10

0.1

1

TMBIM1

TMBIM5

TMBIM4TMBIM3

F
ol

d 
ex

pr
es

si
on

100

10

0.1

1

F
ol

d 
ex

pr
es

si
on

100

10

0.1

1

100

10

0.1

1

1000

10

0.1

1

10000

10

0.1

1

100

1000

Cb Br He Mu Ki Li Sp

Cb Br He Mu Ki Li Sp

Cb Br He Mu Ki Li Sp Cb Br He Mu Ki Li Sp

Cb Br He Mu Ki Li Sp

Cb Br He Mu Ki Li Sp

100

Fig. 4. Tissue expression of TMBIM family members. TMBIM1 is mainly expressed in the
heart and in muscle and TMBIM2 and TMBIM3 are mostly found in the central nervous
systemwhere TMBIM6 is least expressed. TMBIM4 and TMBIM5 are relatively evenly dis-
tributed throughout the tissues. Expression of TMBIM1-6 as assessed by quantitative PCR
in various tissues shown as themean fold±SEM from3 to 6mice per proteinmeasured in
triplicate. The fold was calculated with the 2–[delta][delta]Ct method and was normalized to
the tissue with the lowest expression.

TMBIM4

TMBIM1

TMBIM2

TMBIM5

TMBIM3

TMBIM6

D.r.

A.c.

X.t.

H.s.

D.r.

A.c.

X.t.
H.s.

D.r.

A.c.

X.t.

H.s.

D.r.

A.c.

X.t.

H.s.

D.r.

A.c.
X.t.

H.s.

D.r.

A.c.

X.t.

H.s.

hTMBIM1

hTMBIM6

hTMBIM3

hTMBIM4

hTMBIM5

hTMBIM2

BsYetJ

0.61

0.95

0.74

0.6

A

B

Fig. 3. TMBIM proteins share a common structure and fall into two separate groups.
(A) Phylogenetic analysis of the sequence alignment of the TMBIM family and the bacterial
homologue BsYetJ shows that BsYetJ is closest related to TMBIM5 and TMBIM6. The
branch support values are indicated above the branches. (B) TMBIM6 clusters together
with TMBIM5 and TMBIM4 and TMBIM1 clusters together with TMBIM2 and TMBIM3.
TMBIM1 and TMBIM2 are the two most closely related proteins. TMBIM6 and TMBIM5
are more closely related to each other than to TMBIM4. Both phylogenetic trees were
created using theMaximumLikelihood algorithmwith the BLOSUM62 substitutionmatrix
and 100 bootstrap trials.

2107D.A. Lisak et al. / Biochimica et Biophysica Acta 1853 (2015) 2104–2114
mCherry, mCherry was cloned in frame C-terminally to TMBIM5. Each
of these constructs was co-transfected in a ratio of 1:4 with a plasmid
encoding a transposase into HT22 cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. The cDNA con-
structs, flanked by PiggyBac transposon sites, were stably inserted into
the genome and 48 h after transfection Venus-positive cells were select-
ed on aMoFlo XDP (Beckman-Coulter) cell sorter. After three to four re-
peated rounds of cell sorting, approximately 99% of cells were positive
for Venus fluorescence and considered as stably transfected. Successful
expression was confirmed by immunoblotting using an α-HA antibody
(Sigma H6908, 1:2000).

2.2. Phylogenetic analysis and bioinformatic analysis

Multiple sequence alignment focusing on amino acid conservation
was performed using the online tool PRALINE using the Blosum62 scor-
ing matrix with default settings [24]. Alignments were preprocessed
using PSI-BLAST with 3 iterations and an E-value cutoff of 0.01 [25].
The phylogenetic treewas constructed using the online tool phylogeny.fr
[26]. In short, the tool aligns the sequences using MUSCLE (3.7) with de-
fault settings [27]. After alignment, ambiguous regions were removed by
Gblocks (v0.91b) and reconstructed in a phylogenetic tree using the
maximum likelihoodmethod in PhyML (v3.0 aLRT). Graphicswere creat-
ed using TreeDyn (v198.3). Themultiple sequence alignment of TMBIMs
across species was created using MAFFT version 6 using the E-INS-i set-
ting and the alignment trimmed with JalView 2.5 at a cutoff value of
85% gaps. For the analysis of the secondary structure of the TMBIM fam-
ily, the amino acid sequence of each TMBIM protein family member was
entered as plain text into the “Prediction of Transmembrane Regions and
Orientation” (TMpred) application (ExPASy), and the prediction graphic
of the preferred model with the highest score was chosen. The presence
of signal peptides was evaluated with SignalP 4.0 [28] and of mitochon-
drial targeting sequences with MitoProt II [29].

2.3. Expression analysis

Wild-type C57/BL6 animals were sacrificed, and RNAwas harvested
from tissue samples with the ZN RNA Mini Prep Kit (ZYMO Research)
according to the manufacturer's protocol. RNA was transcribed to
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cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) using 2 μg of RNA. Quantitative PCR (qPCR) was employed
tomeasure DNA levels in a 7500 Real Time System (Applied Biosystem),
and the Universal Probe Library by Roche was used with the following
primers: TMBIM1 forward: 5′-CAATGCCCATGAACTACGG-3′, TMBIM1
reverse: 5′-CCAGGACGAAAGCTGTCACT-3′, TMBIM2 forward: 5′-CCAC
GCGGTCTATGCTGTA-3′, TMBIM2 reverse: 5′-CCATCAGCAACTGGGTAT
CA-3′, TMBIM3 forward: 5′-CCGCATCCTGGAGATTGTAT-3′, TMBIM3 re-
verse: 5′-TGCTTGTTCCCCAGGAGTAG-3′, TMBIM4 forward: 5′-ACCTCT
TCCTGCACCTGTTG-3′, TMBIM4 reverse: 5′-TCTCTGAACACTGCTCGGTT
AC-3′, TMBIM5 forward: 5′-CTTGGAACCATCAATGGAAAA-3′, TMBIM5
reverse: 5′-AGAGCGCTCCAAGACCAAC-3′, TMBIM6 forward: 5′-GGGC
CTATGTCCAGTGGT-3′, TMBIM6 reverse: 5′-CCATCAGCCAAATCATCA
AG-3′. HPRT was used as an endogenous housekeeping gene. Fold
expression was calculated with the 2–[delta][delta]Ct method, and the
expression of each proteinwas normalized to the tissuewith the lowest
fold.

2.4. Immunofluorescence

HT22 cells were plated in six-well tissue culture plates and grown
for 24 h. Cells were then transiently transfected with the pPBCAG:HA-
POI-IRES-Venus plasmids carrying the various TMBIM proteins using
Attractene Transfection Reagent (Qiagen). After 24 h incubation,
75,000 cells were seeded on 12 mm coverslips and were grown for an-
other 24 h. Cells were then washed with DPBS (Sigma-Aldrich) and
fixed with 4 % paraformaldehyde for 20 min at 4 °C. Afterward, the
cells were washed four times with DPBS (+0.1 M Glycin and 4 mM
MgCl2) for 5 min and then permeabilized and blocked with PSS (1x
DPBS, 5% FCS, 0.1% Saponin) for 1 h at room temperature. Cells were in-
cubated with the indicated primary antibodies (rabbit COXIV (1:750,
Cell Signaling); rabbit RCAS1 (D2B6N, 1:100, Cell Signaling), mouse
HA-Tag (6E2, Alexa Fluor 488 conjugate, 1:400, Cell Signaling), rabbit
Sec62, (1:500, kind gift from Prof. Zimmermann, Universität des
Saarlandes) in PSS overnight at 4 °C. After washing twice with PSS for
15 min, cells were incubated with the secondary antibody goat anti-
rabbit Alexa568 (1:500, Milipore) for TMBIM 1-6 or goat anti-rabbit
Alexa647 (1:1000, Invitrogen) for TMBIM5-mCherry in PSS for 1 h at
4 °C and washed three times with PSS for 5 min. The cell nuclei were
stained with DAPI (Life Technologies) for 10 min and washed again
twice with PSS. Coverslips were removed from the culture plate,
washedwith Aqua dest. and fixed on amicroscope slide with mounting
medium (Dako). Images were taken on a confocal microscope (SP5,
Leica). Co-localization was quantified with the JACoP software (ImageJ)
and the van Steensel approach [30].

2.5. Immunoblotting

HT22 cells were lysed in ice-cold RIPA buffer (Invitrogen) containing
mini complete protease inhibitor cocktail (Roche) and centrifuged for
30 min at 16,000 g. Protein concentrations were determined using the
bicinchoinic acid assay protein quantification kit (Interchim), samples
were incubated for 10 min with 5x SDS loading dye with 8 M UREA.
Fifty micrograms of each sample was loaded on polyacrylamide gels
(Thermo Fisher Scientific), transferred onto nitrocellulose membranes
with the iBlot System (Invitrogen) and blocked in 3% nonfat dry milk
in PBS containing 0.5% Tween-20 (PBS-T). The membranes were incu-
bated at 4 °C overnight with primary antibodies diluted 1:3000 for
Fig. 5. Group-specific expression in the Golgi apparatus or the ER. TMBIM1-3 mainly co-loca
terminally tagged TMBIM familymember co-localizedwithmitochondria. HT22 cellswere trans
HA and either COXIV (mitochondria), RCAS1 (Golgi apparatus) or Sec62 (ER). FITC-labeled seco
RCAS1 and Sec62 (red) were used to assess intracellular localization of TMBIM1-6with confoca
approach was employed to quantify co-localization.
Anti-HA (ab9112, 1:3000, Abcam), Anti-Actin (MAB1501, clone C4,
1:4000, Millipore) or Anti-RFP (5 F8, 1:1000, Chromotek). Anti-mouse,
anti-rabbit IgG (Fc) or Anti-rat infrared fluorescence conjugated sec-
ondary antibodies (Licor, 1:30.000) were added following washing
with PBS-T and incubated for 1 h at RT. The membranes were scanned
for infrared fluorescence at 680 and 800 nm using the Odyssey system
(Licor).

2.6. Cytosolic Ca2+ measurements using Fura2

Fura2 Ca2+ imaging experiments were conducted on a BD Pathway
855 High Content Imaging System (BD Biosciences). HT22 cells were
seeded in a density of 5000 cells/well on 96-well imaging plates (BD
Bioscience) for 24 h and loaded with 5 μM Fura2-AM (Molecular
Probes) in HBSS at 37 °C for 20 min prior to the experiment. Measure-
ment was performed with excitation at 340 nm and 380 nm for radio-
metric analysis, and pictures were taken with a delay of 5 s. After
baseline recording, ER Ca2+ stores were depleted in EGTA buffer
(Ca2+-free HBSS supplemented with 0.5 mM EGTA, 20 mM HEPES,
1 mM MgCl2 and 1 g/l Glucose) with 2 μM thapsigargin for 8 min.
Each cell type was measured at least three times and analyzed with
Attovision 1.7.1.0 (BD Bioscience). Calibration was performed after
each measurement, and Fura2 values were converted into absolute
Ca2+ concentrations by the formula where the kd = 224 nM, the
minRatio was measured in EGTA, maxRatio was measured in 20 mM
Ca2+ and max380 and min380 represent the maximum and minimum
values at 380 nm.

2.7. Statistical analysis

Data were analyzed as mean ± SEM and the statistical significance
using two-tailed t-tests or analysis of variance (ANOVA) with Tukey's
multiple comparison test as indicated.

3. Results

3.1. TMBIM proteins share a common structure and fall into two
separate groups

We started by comparing the secondary protein structure of the
human TMBIM family using TMpred, an algorithm that makes pre-
dictions about potential membrane-spanning regions and their orien-
tation. This revealed a remarkably similar structure in all family
members with at least seven domains with high hydrophobicity and
an N-terminus of different lengths. Of note, in all TMBIM proteins, the
last transmembrane domain is less or semi-hydrophobic as reported
for TMBIM6 [6] and TMBIM4 [31]. These studies favored a six-
transmembrane domain model with a putative reentrant loop
at the C terminus and both termini located in the cytosol for these
two proteins. Only TMBIM5, the only family member reported to
have an N-terminal signal sequence that is cleaved in order to ensure
proper protein expression and function [22], contains an additional
transmembrane domain of significant hydrophobicity preceding
the TMBIM6 homology region (Fig. 1). This domain, however, starts
at amino acid 82 and likely does not serve as a signal peptide se-
quence, an aspect that is studied in more detail in this manuscript.
We next aligned the sequences of all TMBIM proteins with the bacte-
rial TMBIM6 ortholog BsYetJ using the online tool PRALINE. This
lized with a Golgi apparatus marker and TMBIM4-6 with an ER marker. None of the N-
iently transfectedwithHA-tagged TMBIM 1-6 and stainedwith primary antibodies against
ndary antibodies against HA (green) and Cy3-labeled secondary antibodies against COX IV,
l microscopy. The scale bar corresponds to 5 μm. The JACoP softwarewith the van Steensel
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revealed a strong conservation of the first five amino acids preceding
transmembrane domain (TMD) 1 and the TMD 6 and 7, respectively,
2 and 7/8 in TMBIM5. All proteins contain the completely conserved
di-aspartyl pH sensor identified in BsYetJ [8]. Besides this, only two
other residues were completely conserved in all proteins: a leucine
in TMD 2 and a phenylalanine in TMD 7 (Fig. 2). We next generated
a phylogenetic tree to clarify the relationship of the TMBIM family
members to BsYetJ, which revealed that TMBIM6 is the closest rela-
tive to this ancestral protein (Fig. 3A). To more clearly delineate
the relationship of the TMBIM family members to each other, we
then constructed a phylogenetic tree using a completely unrelated
TMD protein as an outlier and 100 bootstrap trials. We also chose
orthologs of TMBIM1-6 from four evolutionarily separated verte-
brates (Homo sapiens, Anolis carolinensis, Xenopus tropicalis and
Danio rerio) to avoid species-specific changes or artifacts. The
resulting phylogenetic tree clearly separated the six TMBIM family
members and revealed two separate clades: group I (TMBIM1,
TMBIM2 and TMBIM3) and group II (TMBIM4, TMBIM5 and
TMBIM6).Within the groups, TMBIM1 and 2 and TMBIM5 and 6 clus-
tered together (Fig. 3B). In summary, these results suggest a close
homology of all TMBIM family members and reveal that the previ-
ously identified di-aspartyl pH sensor is conserved among all
TMBIM proteins.

3.2. Tissue expression of TMBIM family members

The hydrophobic nature of the TMBIM family renders the generation
of specific antibodies difficult. Despite considerable efforts, no function-
al antibodies that can distinguish between TMBIM6 deficient, and wild-
type tissues are currently available (see supplementary data in [7]). We
therefore used quantitative RT-PCR to quantitate the expression of the
TMBIM family members in a comparable manner in the cerebellum,
brain, heart, femoralmuscle, kidney, liver and spleen. The housekeeping
gene hypoxanthine-guanine phosphoribosyltransferase (hprt) served
as an endogenous control, and the expression of each transcript was
normalized to the tissue with the lowest expression. This revealed
that TMBIM1 has its highest expression in the two muscle tissues,
TMBIM2 and TMBIM3 in the two tissues from the central nervous sys-
tem, TMBIM4 and TMBIM5 are rather ubiquitously expressed and
TMBIM6 predominantly in skeletal muscle, the kidney, liver and spleen
(Fig. 4).

3.3. Group-specific expression in the Golgi apparatus or the ER in HT22 cells

A number of different intracellular locations for each TMBIM family
member were proposed mainly based on bioinformatic predictions.
We decided to compare the intracellular localization of all family mem-
bers in a comparable and quantitative manner and transiently
transfected HT22 cells with N-terminally HA-tagged TMBIM1-6, which
were then stained with an α-HA antibody and antibodies against the
Golgi marker protein receptor binding cancer antigen expressed on
SiSo cells (RCAS1) [32], the ERmarker protein SEC62 [33] and themito-
chondrial protein cytochrome c oxidase IV (COXIV) [34]. Co-localization
was quantified by the van Steensel cross-correlation function and the
Pearson coefficient [30]. This proved an interesting dichotomy in that
group I (TMBIM1-3) showed a predominant localization in theGolgi ap-
paratus and group II (TMBIM4-6) in the endoplasmic reticulum (Fig. 5).
Because of the reported mitochondrial localization of TMBIM5 [23] and
the fact that its secondary structure differs from the other family mem-
bers by the presence of an additional transmembrane domain preceding
the TMBIM6homology domain (Fig. 1), we decided to study this protein
inmore detail. Yoshida et al. [22] reported the presence of anN-terminal
signal sequence, which we could not verify using the SignalP 4.0 detec-
tion method [28] (Fig. 6A). We, however, noted an enrichment of argi-
nine, leucine, serine and alanine residues (shown in blue in Fig. 6A), a
net charge of +18 and a predominance of basic amino acids in the
TMBIM5 N-terminus. These are all characteristics of a mitochondrial
targeting sequence [29] and an analysis withMitoProt II indeed indicat-
ed the presence of a potential cleavage site at position 57 of TMBIM5
(Fig. 6A). In the experiments described above, we tagged TMBIM5
with the 11-amino acid HA tag at its N-terminal end and used an anti-
body against this tag to determine the subcellular localization. Because
we observed a band of the predicted size by immunoblotting this
means that at least a part of TMBIM5 remains uncleaved and that this
uncleaved TMBIM5 resides in the ERwhereas cleaved TMBIM5 could re-
side inmitochondria. To distinguish between these two possibilities, we
now cloned the red fluorescent mCherry protein in frame with the C
terminus of TMBIM5 and studied the subcellular localization by co-
localizingmCherryfluorescencewith the organellemarkers. In compar-
ison to theN-terminally tagged protein, this revealed a reduced localiza-
tion in the ER, an absent localization in the Golgi apparatus and a
significant co-localization with the mitochondrial marker protein cyto-
chrome c oxygenase IV (Fig. 6B). Also, when we immunoblotted tran-
siently transfected TMBIM5-mCherry and stained with an α-mCherry
antiserum, we observed two distinct bands of equal density but only
one band when stained with an α-HA antiserum (Fig. 6C). This means
that TMBIM5 can indeed be cleaved after the predicted mitochondrial
targeting signal and translocate to mitochondria.

3.4. Profound effects of TMBIM 1-6 on the intracellular Ca2+ homeostasis in
HT22 cells

Ca2+ is an important signalingmolecule in the cytosol of virtually all
cell types and several members of the TMBIM protein family, especially
TMBIM6, have been reported to play a role in the control of intracellular
Ca2+ homeostasis.We investigated the effect of each familymember on
intracellular Ca2+ by stably overexpressing HA-tagged TMBIM1-6 in
HT22 cells. The expression of each protein was confirmed by immuno-
blotting (Fig. 7A). Ca2+ kinetics were measured in a high-throughput
microscope which allows simultaneous measurement of several hun-
dred cells independently. The ER Ca2+ content wasmeasured by apply-
ing thapsigargin, an irreversible inhibitor of the SERCA pumps in the ER
membrane, causing immediate Ca2+ efflux from the ER. In the presence
of the extracellular Ca2+ buffer, Ca2+ influx from the extracellularmedi-
um is prevented and the thapsigargin-releasable Ca2+ in the cytosol is
solely originating from the ER Ca2+ stores. The TMBIM-expressing
HT22 cells were compared to HT22 cells that only expressed the
empty vector. Fig. 7B shows the combined Ca2+ traces of each cell line
and Fig. 7C a quantitative analysis of the baseline cytosolic [Ca2+] and
the peak [Ca2+] reached after addition of thapsigargin. In these experi-
ments, we examined one cell line after another and always compared
against the control cell line explaining the higher number of analyzed
cells. This revealed that all TMBIM family members reduced the ER
Ca2+ content and all but TMBIM5 also reduced the basal Ca2+ concen-
tration in the cytosol.

4. Discussion

This is the first work systematically describing the relationship, sec-
ondary structure, tissue expression, intracellular localization and effects
on cellular Ca2+ homeostasis of the TMBIM protein family sharing the
evolutionary conservedmotif UPF0005. All family members are charac-
terized by at least six transmembrane domains and an additional C-
terminal domain that may serve as a reentrant loop, as previously pro-
posed for TMBIM6 [6] and TMBIM4 [31]. Our phylogenetic analysis
demonstrated two groups consisting of TMBIM1-3 on one hand and
TMBIM4-6 on theother,whichdiffermainly in regard to intracellular lo-
calization. We could confirm that TMBIM1 [11], TMBIM2 [12] and
TMBIM3 [19,35] are mainly located in the Golgi apparatus and to a less-
er extent in the ER. TMBIM4 and TMBIM5 are more closely related to
TMBIM6 and these three have a predominant localization in the ER.
Gubser et al. [20] also found TMBIM4 primarily located in the ER and
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partly in the Golgi apparatus in line with our results. Regarding
TMBIM5, a previous study suggested that it is exclusively located in
the mitochondria [23]. We indeed identified the presence of a mito-
chondrial targeting sequence in this protein leading to cleavage after
residue 57 and therefore repeated our co-localization experiments
using C-terminally tagged TMBIM5. This still demonstrated a
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predominant ER localization but also a substantial mitochondrial local-
ization not present in the co-localization experiments with the N-
terminal tag. We therefore assume that TMBIM5 can be localized at dif-
ferent organelles depending on the efficiency of cleavage that could be
altered by the presence of the small HA tag at its N-terminus as sug-
gested earlier [22]. It should be noted, however, that a bioinformatic
analysis using PSORT II also suggested a predominant ER localization. In-
terestingly, a splice isoform of TMBIM5 (GenBank accession
EAW80370.1) with 243 amino acids adding a novel N-terminus
starting 10 amino acids before the TMBIM6 homology domain can
be found in databases. Such a protein wouldmost probably not local-
ize to mitochondria. Finally, TMBIM6 was undoubtedly expressed in
the ER in line with previous data using EGFP- [1,5] and mCherry-
tagged [7] TMBIM6.

In line with Zhao et al., we detected the lowest expression of
TMBIM1 in the spleen where it was below the detection limit of
northern blotting. We observed the highest expression of TMBIM1 in
the heart and in the skeletal muscle, followed by the cerebellum,
which is similar to the expression pattern previously obtained by north-
ern blotting [10]. Our results are also in line with previous observations
fromnorthern blotting [13,14], RT-PCR [12] and immunohistochemistry
[15] that TMBIM2 is mainly expressed in the central nervous system.
TMBIM3 was also found to be mainly expressed in the central nervous
system and to a lower extent in the kidney by northern blotting and
RT-PCR [35], supporting our own results which show a comparable ex-
pression pattern. TMBIM4has been reported by PCR analysis to be ubiq-
uitously expressed throughout all tissues with its lowest expression
being in the brain [20], which exactly matches our results. Northern
blot analysis showed that TMBIM5 is highly expressed in the brain,
heart, liver kidney and muscle with lower expression in the intestines
and in the thymus [22]. Our data support this analysis since we ob-
served a similar expression pattern, although we measured a lower ex-
pression in the liver compared to the brain, heart and skeletal muscle.
TMBIM6, also known as BI-1, is the best-characterized member of the
TMBIM family yet. We were able to confirm its ubiquitous expression
throughout the body [36–38] with the exception of the nervous system.

In line with the conserved overall structure and the homology with
TMBIM6, we observed that the overexpression of each protein resulted
in a decreased thapsigargin-releasable Ca2+ pool from the ER. A lower-
ing effect on the ER Ca2+ content has been previously reported for
TMBIM3 [19], TMBIM4 [21] and TMBIM6 [5]. Yet the impact of
TMBIM1, TMBIM2 and TMBIM5 on intracellular Ca2+ homeostasis has
not been reported before, but our data are now the first to indicate
that these proteins indeed influence the Ca2+ handling of the ER.
Westphalen et al. [5] transfected CHO cells with TMBIM6-EGFP and
measured Ca2+ traces after ATP stimulation with the ratiometric Ca2+

dye Fura2-AM and the ER Ca2+ content after treatment with
thapsigargin using the ER cameleon D1ER. Rojas-Rivera et al. stably
Fig. 6.Detailed analysis of the subcellular localization of TMBIM5. (A) TMBIM5 contains no
signal peptide but a mitochondrial targeting sequence with a proposed cleavage after res-
idue 57. The amino acid sequencewas analyzed by SignalP 4.0 andMitoProt II. None of the
scores reported by SignalP 4.0 (C, S, Y scores) reaches the threshold necessary for
classification as signal peptide shown as horizontal line. However, the N-terminus
possesses a net positive charge and 21 out of 57 residues typically found inmitochondrial
targeting sequences (shown in blue). The predicted cleavage site is indicated by an arrow.
(B) C-terminally mCherry-tagged TMBIM5 localizes to mitochondria and the ER. HT22
cells were transiently transfected with TMBIM5 tagged on both sides and stained with
primary antibodies against HA and mCherry, or mCherry and either COXIV (mitochon-
dria), RCAS1 (Golgi apparatus) or Sec62 (ER). FITC-labeled secondary antibodies against
HA or the organelle markers (green) and Cy3-labeled secondary antibodies against
mCherry (magenta) were used to assess intracellular localization with confocal micro-
scopy. The scale bar corresponds to 5 μm. The JACoP software with the van Steensel
approach was employed to quantify co-localization. (C) TMBIM5 is cleaved. HT22 cells
were transiently transfected with HA-TMBIM5-mCherry and immunoblotted. The
mCherry-stained blot reveals two bands corresponding to cleaved and uncleaved
TMBIM5 whereas the HA-stained blots shows only a single band. Size is indicated.
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overexpressed TMBIM3-myc in mouse embryonic fibroblasts and mea-
sured Ca2+ release with Fluo4-AM after ATP stimulation [19]. HA-
tagged TMBIM4 was stably overexpressed in U2OS cells, which were
stimulated with histamine and Ca2+ was measured with Fura2-AM by
deMattia et al. [21]. In all cases, the overexpression of the TMBIM family
members resulted in a decreased agonist-inducible Ca2+ pool, similarly
to the reduced thapsigargin-releasable pool, which we observed after
stably overexpressing TMBIM1-6 in HT22 cells. This property likely is
not limited to mammalian TMBIM proteins since the overexpression
of viral TMBIM4 has been shown to lower the ionomycin-releasable
Ca2+ in cells [39]. However, it is important to note that the impact of
TMBIM on agonist-induced Ca2+ release is not solely due to its impact
on the filling state of the ER Ca2+ stores since several TMBIM family
members (TMBIM3, TMBIM4 and TMBIM6) have been reported to in-
teract with the IP3 receptor, an intracellular Ca2+-release channel pres-
ent at the ER Ca2+ stores. On one hand, TMBIM6 overexpression
sensitizes IP3R to low [IP3] and thus promotes IP3-induced Ca2+ release
in Ca2+-flux assays performed in permeabilized cell systems [40]; on
the other TMBIM3 [19] or TMBIM4 [21] overexpression suppressed
IP3-induced Ca2+ release in these assays which could of course be also
caused by the reduced ER Ca2+ content.

Whether the Ca2+ flux through all TMBIM family members is pH
dependent remains to be investigated. The pH-dependent properties
of TMBIM6 are due to a complex network of interactions with a promi-
nent role for the di-aspartyl pH sensor (D188 and D213 of TMBIM6)
conserved in all family members, but also on D209 and H78. At neutral
pH, the D188, D209 and D213, which form the Ca2+-permeable pore,
are sufficiently negatively charged to allow Ca2+ flux. At more acidic
pH (e.g. about pH 6), D188 and D213 become protonated (due to their
relatively high pKa values) and prevent Ca2+ flux through the pore. At
more basic pH, a hydrogen bond betweenH78 andD213may be formed
and thus alter the conformation, leading to closure of the Ca2+ pore
(discussed in [9]). In contrast to D188 and D213 residues, which are
conserved among all TMBIM familymembers, H78 andD209 are unique
to TMBIM6. However, all other familymembers also contain a positively
charged residue (namely R) at this position except TMBIM5, where it
corresponds to a negatively charged residue (namely D). The impor-
tance of this residue for the function of the TMBIM family members
awaits further investigation. It is interesting to note that all TMBIM fam-
ily members except TMBIM5 caused a slight decrease in the basal cyto-
solic [Ca2+], which matches an increased cytosolic Ca2+ content in
TMBIM6 knockout splenocytes (own unpublished data). At this point,
it is not clear what causes this and why TMBIM5 overexpression has
the opposite effect. TMBIM5 differs from the other family members by
the presence of a unique acidic (D) instead of a basic (H or R) residue
near transmembrane domain 2, an additional transmembrane domain
preceding the TMBIM6 homology domain and its unique localization
in the mitochondrial membranes. This mitochondrial localization
Fig. 7. Profound effects of TMBIM 1-6 on the intracellular Ca2+ homeostasis. (A) Cells
stably express HA-tagged TMBIM family members. HT22 cells were stably transfected
with HA-tagged TMBIM1-6 or empty vector and expression was verified by immuno-
blotting. Actin was used as the loading control; size is indicated. (B) Each member of the
TMBIM family, except for TMBIM5, lowered the baseline Ca2+ compared to cells
transfected with the empty vector. Additionally, TMBIM1-6 lowered the thapsigargin-
releasable pool. The traces show the calibrated absolute Ca2+ concentrations of each cell
line compared to empty vector-transfected cells. Each cell line was measured at least
three times and the total cell count is indicated in panel C. (C) Single-cell analysis of the
Ca2+ traces shows that while TMBIM1-4 and TMBIM6 significantly but modestly lowered
the basal cytosolic [Ca2+], TMBIM5 significantly increased it. Further, each TMBIM family
member significantly decreased the ER Ca2+ pool when compared to empty vector-
transfected cells. Fura2-AM-based Ca2+ traceswere recordedwith a high content imaging
system. After baseline recording, extracellular Ca2+ was depleted by adding 2 mM EGTA.
Then ER Ca2+ content was released through the addition of 2 μM thapsigargin. The box
and whiskers plot represent the absolute Ca2+ values at baseline conditions as well as
the maximum cytosolic Ca2+ concentrations as the mean ± SD. Data were analyzed
with one-way ANOVA. *P b 0.05.
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could alter the buffering capacity of the mitochondria and thereby alter
the cytosolic Ca2+ levels.

The reduction of intracellular Ca2+ concentrations might impact the
cell's susceptibility to apoptosis since Ca2+ is known to influence apo-
ptosis pathways (reviewed in [41,42]). Ca2+ released from the ER can
be taken up by the mitochondria, which is facilitated by the close prox-
imity of these two organelles [43]. Although Ca2+ uptake by the mito-
chondria can activate oxidative metabolism and promote cell survival,
dysregulated release of ER Ca2+ initiates programmed cell death by sev-
eral mechanisms including mitochondrial Ca2+ overload, depolariza-
tion, ATP loss, generation of reactive oxygen species, and cytochrome c
release (reviewed in [44]). The decreased ER and Golgi Ca2+ pool by
the overexpressed members of the TMBIM family members might
therefore correlate with their potential anti-apoptotic properties that
has been recently reviewed elsewhere [45]. We were unfortunately
not able to reliablymeasure cell death in our cell lines. This resulted pri-
marily from very heterogeneous growth characteristics between the
cell lines, also between empty vector-transfected cells and cells carrying
the actual protein. It therefore remains to be investigated how the
changes in the intracellular Ca2+ handling caused by the TMBIM family
exactly relate to their anti-apoptotic properties.
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