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Granzyme B enters the mitochondria in a
Sam50-, Tim22- and mtHsp70-dependent manner to
induce apoptosis

Valentina Chiusolo"”, Guillaume Jacquemin'”, Esen Yonca Bassoy', Laurent Vinet>3, Lavinia Liguori®, Michael Walch®,
Vera Kozjak-Pavlovic® and Denis Martinvalet*’

We have found that granzyme B (GB)-induced apoptosis also requires reactive oxygen species resulting from the alteration of
mitochondrial complex I. How GB, which does not possess a mitochondrial targeting sequence, enter this organelle is unknown.
We show that GB enters the mitochondria independently of the translocase of the outer mitochondrial membrane complex, but
requires instead Sam50, the central subunit of the sorting and assembly machinery that integrates outer membrane g-barrel
proteins. Moreover, GB breaches the inner membrane through Tim22, the metabolite carrier translocase pore, in a mitochondrial
heat-shock protein 70 (mtHsp70)-dependent manner. Granzyme A (GA) and caspase-3 use a similar route to the mitochondria.
Finally, preventing GB from entering the mitochondria either by mutating lysine 243 and arginine 244 or depleting Sam50 renders
cells more resistant to GB-mediated reactive oxygen species and cell death. Similarly, Sam50 depletion protects cells from GA-,
GM- and caspase-3-mediated cell death. Therefore, cytotoxic molecules enter the mitochondria to induce efficiently cell death

through a noncanonical Sam50-, Tim22- and mtHsp70-dependent import pathway.
Cell Death and Differentiation (2017) 24, 747-758; doi:10.1038/cdd.2017.3; published online 24 March 2017

Cytotoxic lymphocytes eradicate pathogen-infected or trans-
formed cells mainly through the cytotoxic granule pathway.'™
Among the five human granzymes (A, B, H, K and M),
granzyme B (GB) triggers cell death in both a caspase-
dependent and caspase-independent manner, although
human and mouse GB differ in their requirement for caspase
activation.>'® GB-induced cell death also involves Bid/Bax/
Bak-mediated mitochondrial outer membrane permeabiliza-
tion for the release of the apoptogenic factors cytochrome c,
Smac/Diablo, Endo G, HtrA2 and AIF."%~'7 We have recently
reported that mitochondrial reactive oxygen species (ROS)
have a critical role in GB pathway by amplifying apoptogenic
factor release, oligonucleosomal DNA fragmentation and
lysosomal membrane rupture.'® Mitochondrial ROS resulted
from GB-mediated cleavage of NDUFV1, NDUFS1 and
NDUFS2, three subunits of mitochondrial complex 1.'® How
GB that does not possess a mitochondrial targeting sequence
enters the mitochondria is not known. The mitochondrial
nucleoid encodes only for 13 structural proteins, while the rest
of the mitochondrial proteome is nuclear-encoded and
transported to the mitochondria through a sophisticated
protein import machinery.'®22 The translocase of the outer
mitochondrial membrane (TOM), the entry gate to the
mitochondria,?® passes on the cargos to the sorting and
assembly machinery (SAM) complex, to the mitochondrial
intermembrane space assembly (MIA) complex and to the

translocases of the inner mitochondrial membrane
TIM22 or TIM23 complexes for delivery to the outer
membrane, the intermembrane space, the inner membrane
or the matrix, respectively.'922252628 nexpectedly, we
found that GB mitochondrial entry is independent of
the TOM-TIM23 complexes, but requires instead the
Sam50 and Tim22 channels and mitochondrial heat-shock
protein 70 (mtHsp70). Sam50 depletion protected cells from
GB-, GA-, GM- and caspase-3-mediated cell death. Therefore,
cytotoxic molecules need to enter the mitochondria to induce
cell death.

Results

GB mitochondrial entry is TOM40-independent. To con-
firm that GB enters the mitochondria, a fluorescence
resonance energy transfer (FRET)-based approach was used.
Hela cells were transfected with a GB-FRET reporter consis-
ting of ECFP connected to EYFP with a linker containing a GB
cleavage site VGPDFGR?® that was targeted either to the
cytosol or to the mitochondrial matrix (GB-cyto-FRET and
GB-mito-FRET) (Supplementary Figures 1A and B). GB and
perforin (P) treatment triggered a loss of FRET signal from the
mito-FRET reporter with a similar kinetic to that of the cytosolic
reporter, indicating that GB entered the mitochondrial matrix
(Figures 1a—c and Supplementary Figures 1A and B).
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Moreover, native and recombinant GB entered the purified
intact mouse liver and yeast mitochondria in a valinomycin-
sensitive manner, as the membrane potential is required for

this import (Supplementary Figures 1C-E). This import was
independent of GB catalytic activity, as inactive S-AGB also
entered the mitochondria from both species. Moreover, gentle
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Figure 1 GB enters the mitochondria in a TOM40-independent manner. (a) GB enters the HeLa cell mitochondria. HeLa cells overexpressing cytosolic (top row) or
mitochondrial (bottom row) GB-FRET reporters were treated with perforin plus GB. GB activity was monitored by the loss of the FRET signal using confocal microscopy. Images
are representative of three independent experiments. Quantification of the loss of FRET signal for cyto-FRET (b) and mito-FRET (c), mean + S.D. of at least 35 cells in three
independent experiments. (d) Freshly purified yeast mitochondria were incubated or not with GB in import buffer before gentle treatment with proteinase K (PK) in the absence or
presence of a swelling step or direct solubilization with 1% Triton X-100. (e) HeLa cell expression of inducible HA-tagged B2A 19-DHFR following 96 h DOX treatment. (f) Cells
treated as in (e) were fractionated into cytosolic (C), mitochondrial (M) and nuclear (N) fractions. B2A19-DHFR-HA accumulates in the mitochondria. (g) Cells pretreated or not
with DOX as in (e) were used as target cells for YT-Indy killer cells, mean + S.D. of three independent experiments. (h) Same as in () using HeLa cells expressed inducible V5-
tagged SU9-DHFR. (i) Same as in (f) using HeLa expressing inducible SU9-DHFR-V5. (j) Same as in (g) using HeLa expressing inducible SU9-DHFR-V5, mean + S.D. of three
independent experiments. (k) Mitochondria purified from yeast carrying wild-type (TK8) or two thermosensitive alleles (TK3 and TK5) of Tom40 were used in the import assay of
GB at 25 °C or 37 °C permissive and non-permissive temperature, respectively. Western blots are all representative of three independent experiments. (I) Same as in (k),
mean + S.D. of three independent experiments. (m) Same as in (k) using *S-Met-labeled SU9-DHFR (**S-Met SU9), a positive control known to enter the mitochondria through
Tom40 pathway. Autoradiogram is representative of three independent experiments
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proteinase K pretreatment inhibited GB mitochondrial import,
indicating that it is a facilitated process (Supplementary
Figures 1D and E). Within 1 min, GB enters the mitochondria
and reaches a plateau by 10 min, indicating that this import is
fast and specific (Supplementary Figure 1F). Freshly purified
yeast mitochondria were incubated with or without GB
before gentle treatment with proteinase K in the absence or
presence of a swelling step to disrupt the mitochondrial outer
membrane to analyze its submitochondrial localization.3%3!
Similarly to the mitochondrial matrix marker Tim44, some of
the GB is protected from proteolysis even after disruption of
the outer mitochondrial membrane, indicating that it is in the
matrix (Figure 1d), in agreement with GB ability to cleave the
matrix subunits of complex | and the mito-FRET reporter
(Figure 1c).

Although GB does not have a mitochondrial targeting
sequence, we still tested whether TOM complex was involved.
Saturation of mouse liver mitochondria TOM and TIM23
complexes with cold SU9-DHFR (dihydrofolate reductase) and
B2A19-DHFR inhibited in a dose-dependent manner the
import of 3°S-Met-labeled SU9-DHFR?3:*23% ysed throughout
this work as a positive control (Supplementary Figure 2A). This
inhibition was even more pronounced when cold SU9-DHFR
and B2A19-DHFR were stabilized with methotrexate (MTX)2®
(Supplementary Figure 2B). However, SU9-DHFR did not
inhibit GB import, while B2A19 did so to a minor level at the
highest dose (Supplementary Figure 2C); however, MTX
stabilization completely prevented B2A19-DHFR inhibition of
GB import (Supplementary Figure 2D). To further test the
effect of B2A19-DHFR and SU9-DHFR on GB-induced cell
death, Hela cells expressing HA-tagged B2A19-DHFR upon
DOX treatment (Figure 1e) were fractionated into cytosolic (C),
mitochondrial (M) and nuclear (N) fractions (Figure 1f).
Although B2A19-DHFR-HA accumulated in the mitochondria
and most likely jammed its import machinery, it did not inhibit
GB-expressing YT-Indy killing (Figure 1g). Similar results were
obtained from Hela overexpressing SU9-DHFR-V5
(Figures 1h—j).

Since GB entered the yeast mitochondria, we used a
genetic approach to dissect this import pathway. Mitochondria
purified from yeast strains expressing thermosensitive alleles
of Tom40 with increasing severity (TK3 and TK5), or
wild-type (wt) allele (TK8),>® were used to import GB. GB
was efficiently imported in mitochondria from all strains
regardless of the temperature (Figures 1k and 1), whereas,
as reported, mitochondria from TK5 did not import %°S-Met-
SU9-DHFR®® (Figure 1m). Moreover, mitochondria from
yeast strains deficient for the receptors Tom70,%¢ Tom20%2:36
or Tom22, the latter in a Tom70 overexpression background
(ATom22),% although unable to import properly 3°S-Met-SU9-
DHFR (Supplementary Figures 2E and F), were still
efficiently importing GB (Supplementary Figures 2G
and H). Taken together, these data further support that
the TOM complex is not directly involved in GB
mitochondrial entry.

GB mitochondrial entry requires Tob55/Sam50. Mature
GB N-terminal end is not accessible, whereas its C-terminal
tail extends from the globular core of the protein,®® suggest-
ing that this C-terminal tail could have a role in its import. To
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look for granzyme mitochondrial-binding partners, we fused
two B domains of protein A to the N terminus of GA or GB
C-terminal tail, residues Ser231-Val246 and Val231-Tyr245,
respectively, or at the C-terminus of full-length GB used as
negative control, and performed affinity purification and mass
spectrometry analysis (Supplementary Figure 3A). The three
voltage-dependent anion channels (VDAC) 1/2/3 isoforms
and the coiled-coil helix coiled-coil helix domain-containing
protein 3 (CHCHD3), also known as Mic19, were identified as
putative interacting partners for the GA and GB C-terminal
tail. Mitochondria from yeast strain M22-2-1 deficient for
porin 1 and 2, the two yeast orthologs of VDAC,*® were
unable to import efficiently GB (Supplementary Figures 3B
and C) as well as 3S-Met SU9-DHFR (Supplementary
Figure 3D), because of their reduced membrane potential
(Supplementary Figure 3E). Similar results were obtained
from mouse liver mitochondria pretreated with S-18, a
peptide inhibitor of VDAC*® (Supplementary Figures 3F
and I). Altogether these results exclude VDAC as a putative
channel for GB mitochondrial import in agreement with its
3 nm exclusion diameter being too small to accommodate the
3.5x5 nm GB ellipsoid.384142

Since CHCHD3/Mic19, a member of the mitochondrial
contact site and cristae organizing system,*3** also interacts
with Sam50 channel, we tested whether this outer membrane
channel could be used by GB to enter the mitochondria.
From yeast expressing Tob55/Sam50 under the control of the
gal promoter grown in galactose or glucose, we obtained
mitochondria-overexpressing or -deficient for Tob55/Sam50,
while Tom40 and Por1 expression was unaffected*®
(Supplementary Figure 4A). Loss of Tob55/Sam50 had no
effect on 3%°S-Met SU9-DHFR import (Figure 2b and
Supplementary Figure 4B), whereas it severely compromised
GB import (Supplementary Figure 4C). This was further
confirmed by repeating the same experiments including
mitochondria purified from the parental strain YPH499 grown
as described previously (Figures 2a—d and Supplementary
Figure 4C). Taken together, these results show that Tob55/
Sam50 is necessary for GB mitochondrial entry. Blue-Native
(BN) gel electrophoresis and western blot analysis of
mitochondria incubated with or without biotinylated GB for
1min showed that GB migrated with an apparent
molecular weight of 240 kDa, which coincides with TOB55/
SAM50 complex (Figure 2e, left and middle panels). This
indicates that GB most likely shuttles through Tob55/Sam50.
After 15 min, GB migrated at a higher molecular weight
around 300kDa but lower than the migration of Tom40
complex (Figure 2e, left and right panels). Moreover,
Lactococcus lactis, expressing either yeast Por1, Tom40 or
Tob55/Sam50 (Supplementary Figures 4D—F), were used as
surrogate mitochondria in import assays after lysozyme
removal of the peptidoglycan cell wall to prevent nonspecific
binding of the cationic GB (Supplementary Figure 4G).
Interestingly, only L. lactis expressing Tob55/Sam50 was
capable of importing GB (Figures 2f—h and Supplementary
Figures 4H and I). Since our GB preparation is completely
devoid of any trace of granulysin contamination when tested
by mass spectrometry, we can safely conclude that Tob55/
Sam50 is sufficient for GB import in agreement with
mitochondria from Tob37-deficient (ATob37) yeast having no
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Figure 2 GB mitochondrial entry requires Tob55/Sam50. (a) Mitochondria purified from YPH499 parental yeast strain or a strain expressing Tob55-His under the control of
the promoter of the galactose operon (Tob55) grown in galactose or glucose were analyzed for the expression of Tob55/Sam50, Tom40 and Por1 by western blot. Blot is
representative of three independent experiments. (b) Mitochondria purified as in (a) were used to import ®S-Met SU9. The autoradiogram is representative of three independent
experiments. (¢) Same as in (b) for GB import. Blot is representative of four independent experiments. (d) Same as in (c), mean + S.D. of four independent experiments.
(e) Mitochondria purified from Tob55 yeast strain grown in galactose medium were used in import assay for biotinylated GB (GB-biotin). Samples were resolved by Blue-Native gel
electrophoresis and analyzed by western blot with streptavidin-HRP, anti-yeast Tob55 or anti-yeast Tom40. Parental L. lactis (f) or L. lactis overexpressing yeast Tob55/Sam50
after nisin induction (g) were used in the import assay. Only L. lactis expressing Tob55/Sam50 can import GB. Blots are representative of three independent experiments.
(h) Same as in (f-g), mean + S.E.M. of three independent experiments. “P < 0.05, **P < 0.01 and ***P < 0.001 (two-sided ttest (d) or Kruskal-Wallis test (h))

defect in importing GB (Supplementary Figure 4J). This is not
surprising, as Tob37 promotes the lateral release of B-barrel
proteins from the Tob55/Sam50 channel to the lipid bilayer.*®
Taken together, these results show that Tob55/Sam50 is

required for GB mitochondrial import.
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GB residues Lys and Arg 243/244 are required for its
mitochondrial import. As stated earlier, GB N-terminal end
is not accessible, whereas its C-terminal end is.*” In
agreement with this observation, only GB C-terminal portion
(Val231-Tyr245) but not the N-terminal (lle16-Tyr29) portion



triggered the mitochondrial import of DHFR (Figures 3a
and b). On the GB C-terminal tail, substitution of His236 and
Lys 239-240, part of a cationic residues motif important for
GB cytosolic delivery,*® did not inhibit the mitochondrial
import of recombinant GB, whereas substitution of Lys and
Arg 243/244 with Ala did inhibit the mitochondrial import of
recombinant GB (Figures 3c and d and Supplementary
Figure 5A). ZsGreen fused at the N terminus of wtGB
perfectly colocalized with the mitochondria when expressed
in HelLa cells (Figures 3e and f). We obtained similar results
for the other four human granzymes (Supplementary
Figure 5B). However, Zs-GB KR243/244AA did not
colocalize with the mitochondria (Figures 3e and f and
Supplementary Figure 5B). The radical substitution of Lys
and Arg with the acidic residue Glu did not prevent the
mitochondrial localization, suggesting that hydrophilicity and
polarity, but not the nature of the charge itself, are important
(Supplementary Figure 5B). These results indicate that
residues Lys and Arg 243/244 are required for GB mitochon-
drial import.

GB mitochondrial import is required for cell death. Pur-
ified GB KR243/244AA had similar activity as the wt enzyme
(Figures 3g and h). YT-Indy NK cells were silenced for
endogenously expressed GB, GK and GM (YT-shGzm)
before re-expression of either wtGB (YT-wtGB) or GB
KR243/244AA (YT-KR/AA GB). Both YT-wtGB and YT-KR/
AA GB expressed similar levels of GB (Figure 3i) and were
able to deliver GB into target cells in a comparable manner
(Figure 3j). Furthermore, YT-wtGB and YT-KR/AA triggered
similar PARP-1 and Bid cleavage when delivered into the
target cells (Figure 3k). Both type of effector cells also
triggered the loss of FRET from GB-cyto-FRET reporter
(Figure 3l and Supplementary Figure 6A), together indicating
that both wtGB and GB KR/AA have very similar catalytic
activity and are similarly delivered into the target cell cytosol
during killer cell attack. However, contrary to YT-wiGB,
YT-KR/AA GB poorly triggered the loss of GB-mito-FRET
signal as GB KR/AA cannot enter the mitochondria
(Figure 3m and Supplementary Figure 6B). Consequently,
YT-KR/AA GB were significantly impaired in their ability to
trigger ROS increase in target cells (Figure 3n). YT-wtGB
killed HeLa-CD80 cells like the parental YT-Indy, whereas
YT-Indy re-expressing GB KR/AA killed less efficiently HelLa-
CD80 target cells in a 4-h assay (Figure 30). During a longer
time period, YT-KR/AA GB killed more than YT-shGzm
expressing only perforin, although significantly less efficiently
than YT-wtGB (Supplementary Figure 6C). Adoptive transfer
of YT-shGB or YT-KR/AA GB was not able to reduce
significantly the tumor burden of tumor-bearing NOD/SCID
mice compared with the control animals (Figures 3p and q).
However, the tumor burden was significantly reduced in
animals receiving YT-wtGB (Figures 3p and q). Taken
together, these results clearly indicate that GB entry in target
cell mitochondria is critical for ROS production and fast and
efficient cell death induction during both in vitro and in vivo
killer cell attack.

HelLa cells with inducible shRNA against Tob55/Sam50 or
Tom40*° (Figures 4a and b) were induced with DOX to obtain
partial Tob55/Sam50 or Tom40 knockdown as they are
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essential proteins,®® and used as target for parental YT-Indy-
expressing GB. Three days of DOX induction was sufficient for
the loss of Tob55/Sam50 without altering the expression of
Tom40 and vice versa (Figures 4a and b). The loss of Tob55/
Sam50, but not that of Tom40, protected target cells against
GB-expressing effector cells (Figures 4c and d), whereas both
types of target cells were still sensitive to UV or the anti-Fas
agonist antibody (Supplementary Figures 7A and B). More-
over, cells knocked down for Tob55/Sam50 still experienced
Bid and PARP-1 cleavage (Figure 4e) when treated with GB
and P; however, the release of cytochrome ¢ was reduced in
Tob55/Sam50-depleted cells (Figure 4f), indicating that GB
mitochondrial entry is needed for apoptogenic factor release,
most likely following the production of ROS. '85!

GA, GM and caspase-3 induce cell death in a Tob55/
Sam50-dependent manner. Similar to GB, GA localizes in
the mitochondrial matrix compartment (Figure 5a), enters the
yeast mitochondria independently of Tom40 (Figure 5b) and
its import was neither affected by saturation of the canonical
mitochondrial import machinery with B2A19-DHFR in the
presence of MTX (Supplementary Figures 8A and B) nor by
the loss of Tom70, Tom22 and Tom20 (Supplementary
Figures 8C and D). Moreover, yeast mitochondria deficient
for Tob55/Sam50 were also unable to import GA (Figure 5c).
Like for GB, within 1 min biotinylated GA migrates at around
240 kDa like Tob55/Sam50 complex (Figure 5d, left and
middle panels) and by 5 to 15 min accumulates in larger
complexes of about 300 kDa (Figure 5d, left and right panels).
Loss of Sam50, but not loss of Tom40, also protected target
cells against YT-Indy expressing only GA (Figures 5e—g). We
obtained similar results with YT-Indy expressing only GM
(Figures 5h—j), suggesting that GA and GM requires Tob55/
Samb50 to induce target cell death. Rev-caspase-3 construct
encodes an active recombinant caspase-3 in which the
positioning of the small subunit upstream of the large one
allows constitutive autocatalytic processing.>®  Active
caspase-3 mitochondrial entry was also found Tom40-
independent (Figures 6a and b), and like GB, requires
Tob55/Sam50 (Figure 6c¢). Silencing of Tob55/Sam50 par-
tially but significantly protected from Rev-caspase-3-induced
cell death (Figure 6d). This result indicates that Tob55/Sam50
is necessary for active caspase-3 to enter the mitochondria
for cell death induction in agreement with the fact that
caspase-3 cleaves NDUFS1 to trigger ROS-dependent
death.®®

GA and GB cross the inner mitochondrial membrane in a
Tim22- and mtHsp70-dependent manner. Finally, we used
the same yeast genetic approach to investigate how GB
crosses the inner mitochondrial membrane. Yeast mitochon-
dria purified from the parental strain YPH499 or from YPH
Tim23-76ts that carry a thermosensitive allele of Tim23
unable to shuttle cargos into the mitochondrial matrix>* were
as efficiently able to import both GB (Figures 7a and b) and
GA (Figures 7c and d). Unexpectedly, mitochondria from
YPH-Tim22-14ts strain that carry a thermosensitive allele of
Tim22 incapable of the membrane insertion of the
cargos®® were significantly reduced in their ability to import
both GB (Figures 7a and b) and GA (Figures 7c and d).
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Although surprising, these results are in agreement with
the later time points BN-gel migration pattern of biotinylated
granzymes of around 300 kDa, which coincide with the size of

TIM22 complex (Figures 2e and 5c). Moreover, we also
found that mitochondria purified from the yeast strain carrying
the thermosensitive allele of mitochondrial Hsp70 (mtHsp70)
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Figure 4 Tob55/Sam50-deficient cells are resistant to GB-induced cell death. Tob55/Sam50, Tom40, NDUFS1 and GAPDH protein level in Hela cells expressing a
DOX-inducible short hairpin RNA (shRNA) against Sam50 (a) or Tom40 (b) in the absence or presence of DOX induction. Hela cells were silenced for Tob55/Sam50 (€) or Tom40
(d) following 3 days of DOX treatment and used as targets for parental YT-Indy. (€) Cells silenced or not for Tob55/Sam50 for 4 days were treated with a sublytic dose of P plus GB
before Bid and PARP-1 cleavage analysis by western blot. (f) Cells treated as in () before fractionation into cytosolic (C) and mitochondrial (M) fractions for the analysis of
cytochrome c release by western blot. Blots are all representative of three independent experiments. Data in (c) and (d) are mean + S.D. of three independent experiments.
*P<0.01, **P<0.001 (one-sided ttest)

<
Figure 3 GB mitochondrial entry is required for cell death. (a) The GB C terminus (V231-Y245) or N terminus (121-Y34) were fused either in N or C terminus of DHFR that
were %S-labeled and used in import assay. Autoradiogram is representative of five independent experiments. (b) Quantification of (a) mean -+ S.D. of five independent
experiments. (¢) Recombinant wild-type (wt) GB or GB carrying the triple mutation H236A KK239/240AA or the double mutation KR243/244AA were used in import assay with
mouse liver mitochondria. For the imported fraction (+PK), three time more sample was loaded. Western blot is representative of three independent experiments.
(d) Quantification of (c), mean+ S.D. of two independent experiments. (e) HeLa cells overexpressing mitoRFP and ZsGreen fused to the N-terminus of wtGB (Zs-GB) or
KR243/244AA mutant GB (Zs-GB KR243/244AA) were imaged by confocal microscopy. Images are representative of three independent experiments. (f) Same as in (e),
colocalization index analyzed by Mander’s coefficient; n=45 cells (Zs-GB) and n=42 cells (Zs-GB KR243/244AA). (g) Purified wiGB or KR243/244AA GB showed similar
specific activity when tested against a GB colorimetric substrate. Both granzymes were assayed against different concentrations of substrate and initial rate determined and
plotted against the substrate concentration. Data represent mean + S.D. of three independent experiments. (h) Both wtGB and KR243/244AA GB cleaved to the same extent
NDUFS1-D255A from 721.221 cell lysate. Blot is representative of three independent experiments. (i) GB expression in parental YT-Indy, YT-Indy silenced for GB, GM and GK
(YT-shGzm), and YT-shGzm where wtGB or KR243/244AA GB were reintroduced (YT-wtGB and YT-KR/AA GB, respectively). Blot is representative of three independent
experiments. (j) GB is delivered to a similar extent into target HeLa-CD80 cells by YT-wtGB and YT-KR/AA GB. Effector/target conjugates were formed for 30 min and GB (green)
was stained by immunofluorescence. (k) The 721.221 target cells were incubated with YT-wtGB or YT-KR/AA GB and PARP-1 and Bid cleavage monitored by Western blot.
K-Light chain was used as a loading control specific to 721-221. YT-wtGB and YT-KR/AA GB were used to attack HeLa-CD80" cells expressing either cytosolic (I) or mitochondrial
(m) GB-FRET reporter. Data represent mean + S.E.M. of three independent experiments. (n) CFSE-labeled HelLa-CD80 target cells were incubated for 2 h with YT-wtGB (green
bars) or YT-KR/AA GB (red bars). ROS production was measured by dihydroethidium (DHE) staining and flow cytometry analysis gating on the CFSE-positive cells. (o) Parental
YT-Indy, YT-shGzm, YT-wtGB and YT-KR/AA GB were used to kill HeLa-CD80* cells using calcein-AM release assay. Data represent mean + S.D. of three independent
experiments. *P< 0.05, **P < 0.01 and ***P < 0.001 (two-sided ttest). (p) A total of 2x10° U251 glioma cells expressing Renilla luciferase were implanted subcutaneously in non-
obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. Tumor-bearing mice were left untreated (control) or adoptively transferred with 107 YT-shGzm, YT-wtGB or
YT-KR/AA GB at day 8 post-tumor implantation. Tumor growth was followed by luminometry at day 3, 10 and 17 post-tumor implantation. (q) Same as in (p), quantification of the
bioluminescence imaging (BLI) signal, n=5 mice per group. *P <0.05

753

Cell Death and Differentiation



Granzymes enter the mitochondria through Sam50

V Chiusolo et al

754
a b c
spem < w4 = . YPH499 Gal + - - - + - - -
GA(Q2uM) + + =+ + - + 250c  + P - YPH499 Gu - + - - - + - -
PK - + - + + + GA(02uM) - + + + + o+ o+ TobS5Gal - - + - - -+ -
SW - + o+ + - Valinomycin -+ - + Tob55 Glu - = =S o= = = +
Triton 1% - - - -+ GA -—— w02 o GA| mr W W W ol W 8w 25 kDa
GA s _ L] 25 kDa T2 [ e —— e | 23 vl
POM | s e wit o= SHD S @S s [30 kD2
Tom20| » 20 kDa GA - | 25 kDa e
- — Tim23 [F S 2 D - Trypsin + Trypsin
—e
F 3 i GA 25 kDa|
Tim444a kDa Tim23 | — . —— | 23 kDa TK8
- Trypsin + Trypsin
d .
StreﬁtRagldm Tob55/Sam50 Tom40
GA-biotin (0.2 uM) - + + + -+ o+ o+ il
Time (min) 15 1 5 15 15 1 5 15 151 5 15
& Tom40
S . «—GA HE 480_.T“:Icomplex
+«—GA !
Sams0
242 4 «—GA 242 complex 242+
146 ‘ O 146~
66 - : 66+ 66-
& 1
e « f Hela Sam50 sh g9 Hela Tom40 sh
T = - Dox B - Dox
@'\‘\? é\@’lfg@?‘ 120 - = +Dox 120 = +Dox
Q‘a _(\’ _(&‘ ., 100 o, 100
= *k =
GBE 26 kDa = -, = »
g 60 @ 80
GA| - 25 «0a D:,_ a0 ; 40
HSPE0 e 60 kDa “ “
) ] 12 2 o 3 12 2
Effector:Target ratio Effector:Target ratio
h \76 1«& KN 1 Hela Sam50 sh j Hela Tom40 sh
AN CNe)
\Q é\ 120 120
& E)
L 5 100 [ | -BOX L 10 E ,Box
§ - 5 -
HSPGDEBO kDa » »
2 o 3 L] 12 24 & o 3 6 12 24

Effector:Target ratio

Effector:Target ratio

Figure 5 Tob55/Sam50-deficient cells are resistant to GA and GM-induced cell death. (a) Freshly purified yeast mitochondria were incubated or not with recombinant GA in
import buffer before gentle treatment with proteinase K (PK) in the absence or presence of a swelling step or direct solubilization with 1% Triton X-100. (b) Mitochondria purified
from TK8, TK3 and TK5 yeast strain were used in import assay for wild-type (wt) GA at 25 °C or 37 °C. (c) Mitochondria purified from parental or gal-Tob55-His yeast strains
grown in galactose or glucose were used in an import assay for GA. (d) Mitochondria purified from Tob55 yeast strain grown in galactose medium were used in import assay for
biotinylated GA (GA-biotin). Samples were resolved by Blue-Native gel electrophoresis and analyzed by western blot with streptavidin-HRP, anti-yeast Tob55 or anti-yeast Tom40.
(e) Expression of GA in parental YT-Indy, YT-shGzm and YT-shGzm transduced with lentiviral construct for GA (YT-wtGA). HelLa silenced for Tob55/Sam50 (f) or Tom40 (g)
following DOX treatment are used as targets for YT-wtGA. (h) Expression of GM in parental YT-Indy, YT-shGzm and YT-shGzm transduced with lentiviral construct for GM
(YT-wtGM). (i and j) Same as in (f and g) using YT-Indy killer cells expressing GM. Western blots are representative of three independent experiments and histograms are

mean + S.D. of three independent experiments. *P < 0.05, **P < 0.01 (two-sided t-test)

SSC1-3°8 were defective in their ability to import both GA and
GB, suggesting that the mtHsp70 is necessary for GA and
GB to cross the inner membrane (Figures 7e and f).

Altogether, our results indicate that Tob55/Sam50 is
required for GB, GA and caspase-3 to cross the outer
mitochondrial membrane, whereas Tim22 and mtHsp70 are
necessary for GA and GB to cross the inner mitochondrial
membrane.

Cell Death and Differentiation

Discussion

We have found that GB enters the yeast and mouse
mitochondria through a conserved noncanonical pathway-
dependent on Tob55/Sam50, Tim22 and mtHsp70. This
mitochondrial entry did not require GB catalytic activity, but
instead was dependent on its C-terminal residues Lys and Arg
243-244. Mutant GB that cannot enter the mitochondria is less
potent at inducing ROS and cell death. Reciprocally, cells with
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Figure 6 Caspase-3 enters the mitochondria in a Tob55/Sam50-dependent manner. (a) Mitochondria purified from TK8 or TK5 yeast strains were used for import of active
recombinant human caspase-3. (b) Same as in (a) mean + S.D. of three independent experiments. (¢) Mitochondria purified from HeLa cells expressing DOX-inducible short
hairpin RNA (shRNA) targeting Sam50 grown for 3 days in the absence or presence of DOX were used in import assay for recombinant active human caspase-3. Western blots
are all representative of three independent experiments. (d) HeLa cells silenced for Tob55/Sam50 for 4 days total. The cells were transfected on day 3 of DOX induction with
construct encoding inactive C/A Rev-caspase-3 or active Rev-caspase-3. Cell viability was monitored 24 h post-transfection by methylene blue staining

Sam50 knockdown become resistant to GB, GA, GM and
active caspase-3-mediated cell death.

GB is a fully mature protein that does not have a
mitochondrial matrix-targeting signal. In fact, following its final
proteolytic activation in the cytotoxic granules, GB hydro-
phobic N-terminal end is buried in a groove surrounded on
each side by loops Trp141-Ser152 and Gly184-Gly196 and at
the bottom by B-strands GIn135-Gly140 and His153-Val162.%8
On the other side, the polar GB C-terminal tail from the a-helix
Val235-Thr241 to the tetrapeptide Met242-Tyr245 is
accessible® and harbors the targeting signal, which is not
recognizable as an amphipathic helix and is not cleavable.
Residues Lys and Arg 243-244 are necessary for this
function. In contrast, His236 and Lys 239—240, other cationic
residues important for perforin-mediated cytosolic delivery of
GB in target cells,*® are not essential for the mitochondrial
entry. Substitution of Lys and Arg 243—-244 did not impair GB
catalytic activity, in agreement with their position at the tip of
the flexible C-terminal tail. It can be noted from the report of
Trapani’s group®® that similar substitutions on the GB CS2
cationic site did not alter its catalytic activity while reducing the
accumulation of the mutated GB in intracellular compartment
leading to fold loss in cytotoxicity. Although mutant YT-KR/AA
GB is not efficiently delivered to target cells by perforin in
loading experiment, it is efficiently delivered to target cells
during killer cell attack. It was recently shown that effector cells
exert synaptic force to enhance perforin activity,%” explaining
the discrepancy between the loading experiment and the
physiological effector/target interaction. However, GB
KR/AA, which cannot enter the mitochondria is significantly
impaired in its ability to trigger ROS and cell death both in vitro
and in vivo, indicating that GB mitochondrial entry is
necessary for efficient cell death induction in agreement
with Jacquemin et al.'®

Tob55/Sam50 belongs to the bacterial B-barrel-shaped
channels of the Omp85 family.?®®° The primary function of
this protein family is to integrate B-barrel proteins into the outer
membranes of bacteria or mitochondria. However, Toc75, the
central import pore of the translocase of the outer membrane
of chloroplasts, also belongs to the Omp85 family, implying
that proteins structurally similar to Tob55/Sam50 can function
as transport pores.®® Tob55/Sam50 channel is ~7-8 nm large
enough to accommodate the 16-22 -strands of a B-barrel
protein.®! It is even speculated to work as an oligomer to
facilitate the lateral release of the [B-barrel protein being
membrane-inserted, which in this context could increase its
channel cutoff.6263 However, even as a monomer this channel
is large enough to accommodate the 3.5x5 nm diameter of the
GB ellipsoid.®® Interestingly, in agreement with our findings, it
was previously reported that Tob55/Sam50 channel could
have a role in apoptosis.®’®* Tim22 and mtHsp70 are required
for granzyme to cross the inner membrane. Tim22 is the core
channel of the metabolite carrier translocase complex.55-8
Tim22 has a dynamic pore size ranging from 1.1 to 1.8 nm,
which is still below the size of granzyme. How Tim22 releases
the cargo protein into the lipid bilayer is still unknown, but likely
involves conformational changes that could be exploited by
hijacker proteins such as granzymes. The requirement for
mtHsp70 in granzyme mitochondrial import is less surprising
as GA and GB have been shown to interact strongly with
cytosolic Hsp27, Hsp70 and Hsp90.5%"" SSC1-3 allele
presents a G56S mutation in the mtHsp70 ATPase
domain,”? indicating that GB might cross the inner mitochon-
drial membrane in a forceful manner. Moreover SSC1-2 yeast
strain carries an allele of mtHsp70 that poorly interact with
Tim44 at 37 °C.”® Yet, SSC1-2 mitochondria imported very
well GB and GA at both 25 and 37 °C, indicating that it is most
likely a presequence translocase-associated motor (PAM)
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Figure 7 GB crosses the inner mitochondrial membrane in a Tim22 channel-dependent manner. (a) Mitochondria purified from parental yeast strain YPH499 or YPH499
strain carrying thermosensitive alleles of Tim23 channel (Tim23-76ts) or Tim22 (Tim22-14ts) were used in import assay of GB at 25 °C or 37 °C permissive and non-permissive
temperature, respectively. Western blots are representative of three independent experiments. (b) Same as in (a) mean + .S.E.M. of three independent experiments. *P < 0.05,
two-sided t-test). (¢ and d) Same as in (a and b) using GA. Mitochondria purified from parental yeast strain YPH499 or YPH499 strain carrying thermosensitive alleles of mtHsp70
SSC1-2 unable to bind the cargo or SSC1-3 unable to pull the cargo were used in import assay of GB (e) or GA (f) at 25 °C or 37 °C permissive and non-permissive temperature,

respectively

complex-independent process. Additionally, we also reported
that GB disrupts the mitochondrial cristae junction, possibly
contributing to GB forceful passage across the inner
membrane.'® Additional experiments are needed to test this
possibility.

Interestingly, silencing Tob55/Sam50 but not Tom40 also
rendered cells resistant to killer cells expressing either GA or
GM, in agreement with the ability of all five human granzymes
to colocalize with the mitochondria. Because human and
mouse granzyme share the same structure,*” it is likely they
follow this same pathway into the mitochondria. Interestingly,
we also noted that active caspase-3 uses a similar route to the
mitochondria.

Conceptually, thinking at the TOM-TIM23 complexes not
only as translocases but also as safe-keepers of the
mitochondrial integrity through their high selectivity, the fact
that cytotoxic molecules aimed at destroying the mitochondria

Cell Death and Differentiation

use Tob55/Sam50-Tim22 as a side doors to access the
mitochondria makes sense. Both Tob55/Sam50 and Tim22
are dedicated to the insertion of proteins in the mitochondrial
membrane and were not intended to be used as translocases.
It is therefore possible that some mechanistic aspect of this
common function could be used unconventionally by the
cytotoxic molecules. In this regard, granzyme mitochondrial
entry breaks all the codes of mitochondrial import, something
that could be expected from proteins aimed at destroying the
mitochondrial functions for irrevocable cell death. Finally,
preventing GB, GA, GM and caspase-3 cytotoxic factors to
access the mitochondria compromise their ability to induce
cell death, suggesting that this is probably an unanticipated
critical step for apoptosis. In conclusion, we have demon-
strated that cytotoxic molecules gain access to the mitochon-
dria in a Tob55/Sam50-, Tim22- and mtHsp70-dependent
manner to induce cell death.
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