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ARTICLE INFO ABSTRACT

Keywords: SAM50, a 7-8 nm diameter $-barrel channel of the mitochondrial outer membrane, is the central channel of the
Mitochondria sorting and assembly machinery (SAM) complex involved in the biogenesis of B-barrel proteins. Interestingly,
Cytotoxic lymphocytes SAMS50 is not known to have channel translocase activity; however, we have recently found that this channel is
S:;\;I‘?(’)me necessary and sufficient for mitochondrial entry of cytotoxic proteases. Cytotoxic lymphocytes eliminate cells

that pose potential hazards, such as virus- and bacteria-infected cells as well as cancer cells. They induce cell
death following the delivery of granzyme cytotoxic proteases into the cytosol of the target cell. Although
granzyme A and granzyme B (GA and GB), the best characterized of the five human granzymes, trigger very
distinct apoptotic cascades, they share the ability to directly target the mitochondria. GA and GB do not have a
mitochondrial targeting signal, yet they enter the target cell mitochondria to disrupt respiratory chain complex I
and induce mitochondrial reactive oxygen species (ROS)-dependent cell death. We found that granzyme mito-
chondrial entry requires SAM50 and the translocase of the inner membrane 22 (TIM22). Preventing granzymes’
mitochondrial entry compromises their cytotoxicity, indicating that this event is unexpectedly an important step
for cell death. Although mitochondria are best known for their roles in cell metabolism and energy conversion,
these double-membrane organelles are also involved in Ca®" homeostasis, metabolite transport, cell cycle
regulation, cell signaling, differentiation, stress response, redox homeostasis, aging, and cell death. This multi-
plicity of functions is matched with the complexity and plasticity of the mitochondrial proteome as well as the
organelle’s morphological and structural versatility. Indeed, mitochondria are extremely dynamic and undergo
fusion and fission events in response to diverse cellular cues. In humans, there are 1500 different mitochondrial
proteins, the vast majority of which are encoded in the nuclear genome and translated by cytosolic ribosomes,
after which they must be imported and properly addressed to the right mitochondrial compartment. To this end,
mitochondria are equipped with a very sophisticated and highly specific protein import machinery. The latter is
centered on translocase complexes embedded in the outer and inner mitochondrial membranes working along
five different import pathways. We will briefly describe these import pathways to put into perspective our finding
regarding the ability of granzymes to enter the mitochondria.

Mitochondrial protein import

1. Introduction

Cytotoxic T lymphocytes (CTL) and natural killer (NK) cells play a
central role in the defense against pathogen-infected or transformed
cells [1-6]. They kill their target cells mainly through the cytotoxic
granule pathway, which relies on exocytosis of the granule content into
the immune synapse. Once in the synaptic cleft, perforin facilitates the
entry of granzyme serine proteases into the cytosol of the target cell
[7-19]. There are five humans granzymes (A, B, H, K, and M) and 10
mouse orthologs (A, B, C, D, E, F, G, K, M and N) [20-22]. The granzyme

A (GA) and granzyme B (GB) apoptotic cascades are the best charac-
terized [20-22]. GA has a tryptase activity, meaning it cleaves after
lysine or arginine residues. GA-induced cell death is independent of
caspases and insensitive to B-cell CLL/lymphoma 2 (Bcl2), which are
critical effectors and regulators of apoptotic cell death. Interestingly, GA
does not trigger the mitochondrial outer membrane permeabilization
(MOMP), another important hallmark of apoptotic cell death. However,
although the GA pathway does not involve the caspases nor MOMP and
is insensitive to the anti-apoptotic factor Bcl2, similar morphological
features are observed after cell death via the GA pathway as in apoptosis
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[23-27]. Like the effector caspases, GB displays Asp-ase activity,
meaning it cleaves after aspartic acid residues. The GB cell death
pathway is sensitive to Bcl2, although it can proceed both dependently
on or independently of the caspases [22,28-32]. Human GB shares some
common substrates with the effector caspases, such as ICAD (inhibitor of
caspase-activated DNases), PARP1 (poly-(ADP-ribose) polymerase),
lamin, NuMa (nuclear mitotic apparatus protein), DNA-PKc (DNA-de-
pendent protein kinase catalytic subunit), and tubulin [26,29,33-37].
Like initiator caspases, GB proteolytically activates the pro-apoptotic
Bcl-2-member BID to initiate the mitochondrial death pathway
[35-38]. Consequently, Bax and Bak oligomerize to trigger MOMP, and
the mitochondrial transmembrane potential dissipates. MOMP is
required for release of cytochrome c (cyt c), HtrA2/0mi, endonuclease G
(Endo G), Smac/Diablo, and apoptosis-inducing factor (AIF) from the
mitochondrial intermembrane space to the cytosol [26,39-43]. Strik-
ingly, human GB attacks mitochondria in different ways. Indeed, even in
the presence of caspase inhibitors, GB can induce loss of A¥Ym and cyt ¢
release. GB can still induce cell death in a BID-, Bax-, and Bak-deficient
background (proteins critical for MOMP), although at a lower rate and
amplitude [39,41,44,45]. GA and GB also directly cleave subunits of the
respiratory chain complex I to trigger reactive oxygen species (ROS)--
dependent death [25,46-48]. Similarly, caspase 3 disrupts complex I
subunits to trigger ROS-dependent death [49]. Direct cleavage of com-
plex I subunits by GA, GB, and caspase 3 means that they must enter the
mitochondria. None of the five human granzymes nor caspase 3 express
mitochondrial targeting sequences, yet they enter this double membrane
organelle, which breaks all the rules of mitochondrial protein import.
The prevention of granzymes from entering mitochondria significantly
alters their cytotoxicity. In this review, we provide a brief overview of
mitochondrial protein import in order to discuss the significance of the
granzymes’ unorthodox mitochondrial entry for ROS-dependent cell
death. We refer to [20,50,51] for comprehensive reviews on the
granzymes.

2. The mitochondria

Mitochondria originated from endosymbiotic a-proteobacteria or
from ancestors branching off before a-proteobacteria divergence
[52-54]. Mitochondria have an outer membrane (OMM) enclosing a
highly folded inner mitochondrial membrane (IMM), which protrudes
into the matrix inner compartment. An intermembrane space (IMS)
separates the OMM from the IMM. Both mitochondrial membranes stay
connected at contact sites. These contact sites are necessary for the or-
ganization of the cristae, which are IMM invaginations [55-58]. The
mitochondrial contact sites and cristae organizing system (MICOS) are
crucial for the maintenance of IMM cristae [58-60]. Mitochondria are
the critical site for cellular energy conversion and metabolism [61-63].
They are proficient in producing ATP via oxidative phosphorylation
(OXPHOS) [64]. The OXPHOS system consists of the respiratory chain
complexes I, II, III and IV plus the FiFo-ATP synthase, which are
embedded in the IMM of the cristae and protrude into the matrix. NADH
and FADH; provide reduced electrons to complexes I and II, respec-
tively. These electrons transit via coenzyme Q10 to reach complex III.
Then they reach complex IV via cyt ¢ up to oxygen, the final acceptor, to
produce water. The electron transfer provides energy stored as a proton
gradient to fuel the F1Fp -ATP synthase for ATP synthesis [65]. ROS
production from complexes I and III is inevitable during this electron
transport, even in physiological conditions [65]. Moreover, mitochon-
dria are also crucial for Ca?* homeostasis, the dysregulation of which
can trigger mitochondrial calcium overload and cell death [66-68]. New
evidence points to complex V as being the likely molecular determinant
of the permeability transition pore involved in this Ca?*-dependent cell
death [69-71]. Mitochondria are also crucial for metabolite transport,
cell cycle regulation, cell signaling, differentiation, stress response,
redox homeostasis, aging, and cell death [66,72-82]. The pleiotropic
function of mitochondria is matched by the complexity and plasticity of
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their proteome as well as their morphological and structural versatility
[80,82-84]. In fact, mitochondria are continuously remodeled through
events of fusion and fission. This mitochondrial remodeling is regulated
by shaping proteins of the family of dynamin-related GTPases and their
adaptors. OMM fusion is controlled by Mitofusin (MFN) 1 and 2, while
optic atrophy 1 (OPA1) controls that of the IMM [74,85-90]. Mito-
chondrial fission requires dynamin-related protein (DRP) 1 redistribu-
tion from the cytosol to the OMM where it binds to its adaptor proteins
hFis1 (human fission protein 1), MFF (mitochondrial fission factor), and
MiD49/51 (mitochondrial dynamics 49-kDa and 51-kDa proteins) [74,
85-94].

In humans, the mitochondrial proteome is estimated to include 1500
different proteins. These proteins are organized in complex protein
machineries interacting in dynamic networks to ensure proper func-
tioning of the mitochondria [80-82]. The vast majority of the mito-
chondrial proteome is encoded in the nuclear genome and translated on
cytosolic ribosomes before import into the right mitochondrial
compartment. To this end, the mitochondria are equipped with a very
elaborate and highly specific protein import machinery hardwired on
translocase complexes embedded in the OMM and IMM. These trans-
locases work along five different protein import pathways [80,82,95].
Most mitochondrial precursor proteins have a targeting sequence
necessary for their mitochondrial entry and correct addressing to their
final mitochondrial compartments [80,82,95]. The TOM40 channel, the
core subunit of the translocase of the outer mitochondrial membrane
(TOM) complex, is the mitochondrial entry gate [96-98]. The interior of
this channel is paved with hydrophilic and hydrophobic patches that act
as paths of binding sites. These paths of binding sites are used by distinct
import pathways for matrix hydrophilic precursors and hydrophobic
precursors to the metabolite carriers [97]. Mitochondrial matrix pro-
teins and proteins destined for the IMM have an N-terminal sequence
that acts as a targeting signal. These proteins enter the organelle through
TOM40 channels. They cross the IMM through TIM23 channels, the
central subunit of the TIM23 complex, which are activated by the
membrane potential [99-102]. Translocation across TIM23 channels to
the final matrix destination is further assisted by the molecular motor
presequence translocase-associated motor (PAM) [99-102]. On the way,
mitochondrial processing peptidase (MPP) removes the presequence
from the precursor proteins [103]. OMM proteins with N-terminal
a-helical transmembrane segments (anchor sequence) and multi-
spanning segments are inserted in the membrane by the mitochondrial
import (MIM) complex [104]. Precursors of mitochondrial IMS proteins
are taken by the mitochondrial import and assembly (MIA) machinery
when they exit the TOM40 channel on the IMS side [105]. Precursors of
metabolite carriers do not have a cleavable presequence. After exiting
the TOM40 channel, they then reach the translocase of the inner
membrane (TIM22) with the help of small TIM proteins acting as
chaperones [106-108]. Precursors of OMM -barrel proteins enter the
organelle through TOM40 and from the IMS reach the sorting and as-
sembly machinery (SAM) complex for their insertion into the OMM by
SAMS50, the core channel of this complex [109,110]. Mechanistically,
p-barrel precursors enter the lumen of the SAM50 channel from the IMS
side, to be released laterally into the OMM. This requires opening of the
SAMS50 lateral gate, which is mediated by displacement of the SAM50
endogenous carboxyl-terminal p-signal by the f-signal of the precursor
protein being processed [111]. At the SAM50 lateral gate is a thinning of
the lipid bilayer, where p-hairpin-like loops of the precursor accumulate
and fold into de-novo f-barrel proteins before being released in the
OMM [111]. Only a very small fraction of mitochondrial proteins (13
structural proteins) is encoded by mitochondrial DNA, transcribed by
matrix nucleoids, translated on mitochondrial ribosomes, and imported
into the IMM [52].

Recently, the absolute copy number of the translocases has been
defined for yeast cells [80,82]. TOM40 and TIM23 are the most abun-
dant translocases (19,500 and 11,500 copies per cell, respectively) in
agreement with their central roles in mitochondrial protein import.
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However, TOM40 and TIM23 copy numbers are relatively low compared
to the very large numbers of their substrates [80,82]. This indicates the
efficiency of the mitochondrial protein import machinery. The same
conclusion is valid for both SAM50 and TIM22, which are least abun-
dant, with 1500 and 1100 copies per cell, respectively [80,82]. How-
ever, when mitochondrial protein import is compromised, cytosolic
accumulation of mitochondrial precursor proteins occurs and triggers
the mitochondrial unfolded protein response (UPR™). In turn, the
UPR™ reduces cytosolic protein synthesis and increases proteasomal
protein degradation, resulting in reduced accumulation of mistargeted
proteins [112,113]. We refer the readers to [82,114] for recent reviews
of mitochondrial protein import.

Mitochondria and the endoplasmic reticulum (ER) communicate at
areas of contact called mitochondria-ER contacts (MERCs) [74,85-90,
115,116]. MERCs are important for the regulation of mitochondrial
Ca?* homeostasis, the transfer of lipids, the initiation of autophagosome
formation, and the determination of the mitochondrial fission sites
[117-124]. At certain MERCs, the ER tubules wrap and constrict the
mitochondria providing a platform for the recruitment of motor
force-generating cytoskeletal proteins [117,125]. ER-bound inverted
formin 2 (INF2) concentrates between the two organelles at these
MERGCs [121,125,126]. INF2 triggers the assembly of the actomyosin
motor to provide the force required for the initial constriction of the
mitochondria [117,121,125,126]. Then, DRP1 polymerizes and spirals
around the mitochondria constricted by the associated ER to mediate
their fission [117,121,125-129]. Interestingly, mitochondrial fragmen-
tation and apoptosis seem directly connected. We have observed that GA
induces mitochondrial fragmentation [48], but how GA triggers this
fragmentation is still unclear. However, since mitochondrial
morphology is also regulated by contact with the ER,
granzyme-mediated mitochondrial fragmentation is likely to impact the
mitochondrial-ER interoganellar contacts. Testing this possibility will
require more investigations. During apoptosis, Bax, DRP1, and MFN2
localize at fission sites. BID/Bax/Bak complexes decrease mitochondrial
fusion, probably due to the inhibition of MFN2, while increasing frag-
mentation in a caspase-dependent manner by stabilizing the docking of
sumoylated DRP1 on the OMM [130-133]. During oxidative stress,
DRP1 isoforms 1 and 3 are phosphorylated by protein kinase C (PKC) at
residues S616 and S579, respectively, leading to mitochondrial frag-
mentation [134]. On the other hand, mitochondrial fragmentation is
also observed during cell death due to the loss of the OPA1 long isoforms
[135,136].

Cyt C release...
DNA fragmentation
Lysosome permeabilization
Complexes I-lI-IV stabilization

(39993939 9)

Intermembrane
space
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3. Granzymes induce mitochondrial ROS-dependent cell death

Although they activate very distinct death signaling pathways, GA
and GB have the common property of triggering ROS-dependent cell
death. We reported that both GA and GB attack the respiratory chain to
cleave NDUFS3, NDUFV1, NDUFS1 and NDUFS2, four subunits of the
same complex I (Fig. 1) [25,47,48,137]. Indeed, we found that gran-
zymes cleave complex I subunits from isolated intact mitochondria or
purified complex I. Wild-type complex I subunits are also cleaved from
target cells during cytotoxic lymphocyte attack, while the granzyme
uncleavable forms are not. These results convincingly showed that
granzymes directly cleave the respiratory chain complex I [47,48].
Cleavage of complex I subunits dramatically increases electron leak from
the respiratory chain, leading to a rapid and sustained mitocentric ROS
production, loss of the complex [, II, and III activities, respiratory chain
disorganization, mitochondrial respiration impairment, and loss of
mitochondrial cristae junctions [25,46-48,137]. Interestingly, caspase 3
also attacks complex I by cleaving NDUFS1 to trigger ROS-dependent
death [49]. Overall, three different death pathways (GA, GB, and cas-
pase 3) converge at mitochondrial respiratory chain complex I to cause
ROS-dependent death (Fig. 1). We showed the GB-mediated ROS are
necessary for apoptogenic factor release, DNA oligonucleosomal DNA
fragmentation, and lysosomal permeabilization (Figs. 1 and 2) [47].
Similarly, GA-mediated ROS are essential for the nuclear translocation
of an ER-associated oxidative stress response complex called the SET
complex (Fig. 2) [25,138-142]. The SET complex contains the base
excision repair (BER) endonuclease Apel, the endonuclease NM23-H1,
the 5'-3' exonuclease Trex1, the chromatin-modifying proteins SET
and pp32, and a DNA-binding protein that recognizes distorted DNA,
HMGB2. The SET complex is involved in the repair of abasic sites
generated by oxidative DNA damage. By cleaving SET, GA transforms
the DNA repairing SET complex into a DNA destroying complex, while
interfering with BER by cleaving Apel and HMGB2 (Fig. 2) [138-142].

The core subunits of mammalian complex I are conserved in the
bacterial complex I [143]. Therefore, it is not surprising that granzymes
can also cleave bacterial complex I. Indeed, cytotoxic lymphocytes also
kill intracellular bacteria after disruption of bacterial complex I. This is
mediated by perforin-dependent delivery of granulysin and granzyme
into the infected target cell cytosol. Then granulysin mediates granzyme
entry across the cell wall into the bacteria. In the bacteria, GA and GB
cleave subunits of the bacterial complex I. Granzymes also cleave
oxidative stress response enzymes such as superoxide dismutase (SOD)
and catalase [144]. Together, these results underline the importance of
complex I disruption for ROS-dependent death as it is conserved across

Fig. 1. Granzymes directly target respiratory
complex I. GA cleaves NDUFS3. GB cleaves
NDUFV1, NDUFS1, and NDUFS2. Caspase 3
cleaves NDUFS1. Cleavage of complex I sub-
units leads to ROS production. GA-mediated
ROS are essential for GA-activated DNase nu-
clear translocation. GB-mediated ROS poten-
tiate the release of apoptogenic factors cyt C,
endo G, and SMAC; increase oligo nucleosomal
DNA fragmentation; and increase lysosomal
permeabilization =~ and  super  complex
stabilization.

GA activated DNase
Nuclear localization
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Fig. 2. Granzymes and caspase 3 enter mitochondria through the Sam50 channel. In the target cell cytosol, granzyme B initiates cell death by cleaving various
substrates (ICAD, PARP1, lamin, NuMa, DNA-PKc, and tubulin). GB proteolytically activates BID to initiate the mitochondrial death pathway though the induction of
Bax and Bak oligomerization, MOMP, and dissipation of the mitochondrial transmembrane potential (A¥m). MOMP is required for release of cytochrome c (cyt c),
HtrA2/0mi, endonuclease G (Endo G), and Smac/Diablo. GA activates the ER bond SET complex containing the endonuclease Apel and NM23-H1, a 5'-3’
exonuclease Trex1, the chromatin-modifying proteins SET and pp32, and the DNA-binding protein HMGB2. Both granzymes and caspase 3 cross the outer and inner
mitochondrial membranes through the Sam50 and Tim22 channels, respectively. Once in the matrix, granzyme and caspase 3 disrupt the electron transport chain
(ETC) complex I and trigger a ROS increase. ROS potentiate apoptogenic factor release from the Bax/Bak pore (MOMP) and the nuclear translocation of the SET

complex to trigger cell death.

phyla [47,48,144]. GB also induces the death of anaerobic bacteria by
proteolyzing a set of highly conserved proteins involved in biosynthetic
and metabolic pathways critical for the survival of bacterial under
diverse environmental conditions [145]. Since mitochondria originated
from endosymbiotic a-proteobacteria, it is reasonable to think that
granzymes may disrupt similar mitochondrial biosynthetic and meta-
bolic pathways, as they do in bacteria.

Although GA, GB, and caspase 3 do not express a mitochondrial
targeting sequence, they still get inside the organelle independently of
TOM40 and TIM23, the canonical mitochondrial import pathway to the
matrix. Instead, GA and GB use SAM50 channels to cross the OMM and
TIM22 channels to cross the IMM in a mtHSP70-dependent manner
(Fig. 2) [46]. Both catalytically inactive and active granzymes enter
purified intact mouse liver mitochondria in a manner that depends on
the membrane potential. These results indicate that granzyme catalytic
activity is dispensable in this pathway. Interestingly, granzymes also
enter isolated yeast mitochondria, suggesting that the mechanism of
granzyme mitochondrial entry is conserved from yeast to mammals.

Taking advantage of the robust tools of yeast genetics, we found that
isolated mitochondria from a yeast strain expressing thermosensitive
alleles of TOM40 imported granzymes similar to the wild-type mito-
chondria at both permissive and non-permissive temperatures, indi-
cating that TOM40 was not required in this pathway [46]. However,
purified yeast mitochondria from strains expressing Tob55 (the yeast
homolog of SAM50) under the inducible galactose promotor could not
import granzymes when grown under glucose, although TOM40
expression was not affected [46]. This indicates that Tob55/SAMS50 is
required for granzyme mitochondrial entry. When mitochondria were
used in import assays for granzymes and samples were resolved by
Blue-Native gel electrophoresis, granzymes co-migrated with Tob55/-
SAMS50 but not with TOM40. Furthermore, only Lactococcus lactis, used
as surrogate mitochondria, expressing Tob55 but neither TOM40 nor
Porl (the yeast homolog of VDAC [voltage-dependent anion-selective
channel]) could import granzymes. These results indicate that Tob55/-
SAMS50 is necessary and sufficient for this translocation pathway and
that the accessory subunits of the SAM complex are not needed (Fig. 2)



S. Lionello et al.

[46]. Using the same genetic approach, we showed that granzyme
crossing of the IMM requires TIM22 and mtHSP70 but not TIM23 [46].
Lysine 243 (K243) and arginine 244 (R244), at the C-terminal extremity
of GB, are necessary for its mitochondrial translocation. Although
replacing these two residues with alanine did not alter GB catalytic ac-
tivity, this was sufficient to prevent entry into target cell mitochondria
during CTL attack. Most importantly, K243A/R244A substitution or
silencing SAM50 to prevent GB entry into the mitochondria severely
alters the cytotoxicity of GB [46]. SAMS50 silencing also protects target
cells from GA- and GM-mediated cell death [46]. In agreement with our
finding, it was reported that GB enters the mitochondria to cleave Hax-1
(HS-1-associated protein X-1), a protein necessary to maintain the
mitochondrial membrane potential [39]. Overexpression of wild-type or
GB uncleavable Hax-1 protects the mitochondria against GB [39]. Taken
together, these results clearly indicate that granzymes must enter the
mitochondria in a process that we have dubbed Mitochondrial Entry of
Cytotoxic Protease (MECP), an unexpected critical step for
ROS-dependent cell death.

We found that caspase 3 enters isolated intact mitochondria in a
SAM50- and membrane potential-dependent manner [46]. However, it
was also reported that caspase 3 mitochondrial entry is downstream of
MOMP [49]. It is likely that both mechanisms could take place to
different extents depending of the cell type and the conditions. This
would explain why silencing of SAM50 only partially inhibits active
caspase 3-mediated cell death [46]. Understanding the relative contri-
butions of MOMP and SAM50 in caspase 3 mitochondrial entry will
require further investigation. GA mitochondrial entry is strictly depen-
dent on SAM50, as GA does not trigger MOMP. In the case of GB,
mitochondrial entry is independent of MOMP, since GB-mediated
cleavage of complex I subunits still takes place in Bax and Bak double
knockout cells [46,47,146]. Similarly, GB-mediated cleavage of complex
I subunits takes place in isolated mitochondrial in the absence of S100
cytosolic factors, although addition of the latter increases the GB effect
[46,47]. GB-mediated ROS increase apoptogenic factor release, sug-
gesting that although important and required, MOMP could, in fact, be
the tip of the iceberg [47]. MOMP provides the necessary disruption of
the OMM. BID-dependent disruption of OPA1 oligomers triggers the
opening of cristae junction [88]. Cytotoxic protease-dependent disrup-
tion of complex I generates the ROS necessary for the untethering of the
apoptogenic factors from cardiolipin for efficient release [46,147,148].
SAM50-dependent GB entry into the mitochondrial requires an intact
membrane potential, yet MOMP depolarizes the mitochondria.
Together, these results indicate that SAM50-dependent GB mitochon-
drial entry must take place before MOMP or into mitochondria where
MOMP has not occurred [46,47]. Determination of the hierarchy of
events between MECP, ROS production, mitochondrial fragmentation,
MOMP, and apoptogenic factor release will allow for further elucidation
of the significance of MECP for cell death.

As discussed earlier, mitochondria are equipped with a very so-
phisticated and specific protein import machinery to maintain the vast
diversity and plasticity of the organelle proteome, the hardware for the
mitochondria pleiotropic functionality [96-102,149,150]. Granzymes
break all the established rules of mitochondrial protein import. They do
not have an N-terminal mitochondrial targeting sequence, and they use
the SAM50 and TIM22 channels to cross the OMM and IMM, respec-
tively, instead of the canonical TOM40-TIM23 axis. The TOM40-TIM23
translocation pathway is very selective. This selectivity may be viewed
as a mechanism to protect mitochondrial integrity, which explains why
they would not import ‘mitotoxins’ such as the granzymes. This agrees
with the fact that TOM40-TIM23 are involved in the biogenesis and
maintenance of the organelle. Therefore, cytotoxic molecules such as
granzymes use SAM50-TIM22 as a side door to sneak into these organ-
elles to disrupt the mitochondrial functions.

SAMS50 is devoted to B-barrel protein insertion in the OMM and was
not intended to function as a ‘translocase’ [111]. SAM50 is a member of
the Omp85 family of B-barrel-channels [151,152]. This protein family is
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primarily known to function in the biogenesis of p-barrel proteins in
bacteria or the outer membrane of mitochondria and chloroplasts.
SAMS50 is an approximately 7-8 nm diameter f-barrel channel inserted
in the OMM (Fig. 3). It can accommodate 16-19 p-strands of the de novo
B-barrel precursor protein being imported [110]. Together, this means
that this channel is large enough to accommodate the granzymes [153].
Interestingly, new mechanistic insights into the operation of SAM50
revealed that the membrane insertion of f-barrel precursors requires
opening of the SAM50 lateral gate at the thinning of the lipid bilayer
where the precursor folds into de-novo p-barrel protein that is then
released in the OMM [111]. Therefore, it is likely that during this pro-
cess, conformational changes imposed by the opening of the SAM50
lateral gate by the precursor p-barrel protein facilitate the translocation
of GB into the mitochondria. It was further proposed that this operating
mode of SAM50, e.g. f-signal exchange, p-strand folding at the gate, and
p-barrel lateral release into the membrane, could be extended to Omp85
family members of chloroplasts, and Gram-negative bacteria for the
biogenesis of p-barrel protein [82,111]. Moreover, Toc75, the core
channel of the translocase of the outer membrane of chloroplast func-
tions as a pore translocase. The fact that Toc75 is a member of the
Omp85 family implies that structurally similar proteins, like SAM50,
can also function as transport pores. This is in agreement with our results
showing that granzymes cross the OMM through the SAMS50 channel
[154].

Our results suggest that to enter and disrupt the function of mito-
chondria, granzymes may take advantage of SAM50 during its normal
activity. However, granzyme mitochondrial entry appears to be very
efficient, even if SAM50 and TIM22, the two channels hijacked during
this pathway, are the least abundant of the mitochondrial protein import
translocases [80,82]. Indeed, when mature catalytically inactive gran-
zyme with Zs-Green fused at the N-terminus was over-expressed in HeLa
cells, all the fusion proteins were localized within the mitochondria
[46]. This indicates that this non-canonical mitochondrial entry was not
saturated and fits well with the high efficiency of SAM50 and TIM22 in
performing their normal functions [80,82]. It would be quite interesting
to test the specificity of this alternative route to the mitochondria. We
found that all five human granzymes enter the mitochondria, suggesting
that this entry pathway could be shared by proteins possessing the
granzyme chymotrypsin-like serine protease fold [46]. It will be very
fascinating to characterize additional substrates of this alternative
pathway, and to test whether it is dedicated only to proteins causing
mitochondrial damage.

MECP of GA, GB, and likely caspase 3 requires SAM50 channel
translocase activity, which seems to be sensitive to SAM50 phosphory-
lation, raising the question of how it is regulated. Interestingly, when
performing homology modeling simulations of human SAM50 based on
bacteria BamA structures (templates PDB-ID: 4K3C — BamA in open
polypeptide-transport-associated [POTRA] domain conformation from
Haemophilus ducreyi; 4K3B — BamA in closed POTRA domain confor-
mation from Neisseria gonorrhoeae), we found that the protein could
adopt an open conformation where the POTRA domain is extended and a
closed conformation where this POTRA domain folds back on the IMS
side of the barrel opening (Fig. 3A and 3B) [155-159]. Whether these
conformational changes occur in vivo, how they are regulated, and how
they could interfere with MECP are still open questions. A major dif-
ference between SAM50 and BamA proteins seems to reside in the
electrostatic potential of the barrel inner surfaces. Indeed, while BamA
protein shows a relatively neutral inner surface with a small negatively
charged region, a more marked negative region facing a positively
charged region was found in the homology model of SAM50 (Fig. 3C).
Whether these differences in charge distribution are related to different
channel selectivity is an interesting possibility that awaits investigation.

GB is also able to trigger the loss of cristae junctions from isolated
mitochondria [47]. This interesting observation fits with the route of GB
mitochondrial entry. SAM50 interacts with the MICOS complex to
maintain the structure of the mitochondrial cristae [57-59,160,161]. In
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Fig. 3. Homology modeling simulations of human SAM50 based on bacteria BamA structure. Cartoon representation of membrane side views of the open confor-
mation (A) and the closed conformation (B). Barrel domain: red; POTRA domain: blue. The electrostatic potential of the inner surface for SAM50 and BamA open
conformation is also reported (C). Positively charged surfaces: blue; negatively charged surfaces: red; scale: -5/+5 KeV.
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yeast, Mic60 or Mic10 deficiency leads to a complete loss of cristae
junctions [57]. It is therefore possible that upon exiting the SAM50
channel, GB can alter some of the MICOS components to trigger the loss
of cristae junctions.

4. Conclusion

Mitochondria are an integration and amplification hub for multiple
death pathways, including those induced by granzymes, which must
enter mitochondria to fully exert their cytotoxic action. Granzyme
mitochondrial entry breaks all the rules of mitochondrial import path-
ways, as it uses the SAM50-TIM22 axis instead of the TOM40-TIM23
axis. MECP is conserved for all five human granzymes and most likely
caspase 3. Preventing their mitochondrial entry compromises granzyme
cytotoxicity, indicating that MECP is an important step for ROS-
dependent cell death. In the future, it will be interesting to test
whether other cytotoxic proteases similarly enter the mitochondria to
determine to what extent MECP is conserved among cell death path-
ways. The characterization of additional substrates and further clarifi-
cation of its regulation will be key to better understanding its
physiological significance.
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