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Abstract
Mitochondrial cristae are critical for efficient oxidative phosphorylation, however, how cristae architecture is precisely
organized remains largely unknown. Here, we discovered that Mic19, a core component of MICOS (mitochondrial contact
site and cristae organizing system) complex, can be cleaved at N-terminal by mitochondrial protease OMA1 under certain
physiological stresses. Mic19 directly interacts with mitochondrial outer-membrane protein Sam50 (the key subunit of SAM
complex) and inner-membrane protein Mic60 (the key component of MICOS complex) to form Sam50–Mic19–Mic60 axis,
which dominantly connects SAM and MICOS complexes to assemble MIB (mitochondrial intermembrane space bridging)
supercomplex for mediating mitochondrial outer- and inner-membrane contact. OMA1-mediated Mic19 cleavage causes
Sam50–Mic19–Mic60 axis disruption, which separates SAM and MICOS and leads to MIB disassembly. Disrupted
Sam50–Mic19–Mic60 axis, even in the presence of SAM and MICOS complexes, causes the abnormal mitochondrial
morphology, loss of mitochondrial cristae junctions, abnormal cristae distribution and reduced ATP production. Importantly,
Sam50 displays punctate distribution at mitochondrial outer membrane, and acts as an anchoring point to guide the
formation of mitochondrial cristae junctions. Therefore, we propose that Sam50–Mic19–Mic60 axis-mediated
SAM–MICOS complexes integration determines mitochondrial cristae architecture.

Introduction

Mitochondria are fully articulated and highly organized
organelles which surrounded by two membranes: the outer
mitochondrial membrane (OMM) and the inner mitochon-
drial membrane (IMM) [1]. IMM is consists of the inner
boundary membrane (IBM) and the cristae membrane.
OMM and IBM are firmly connected by mitochondrial
contact sites. The IBM is closely apposed to the OMM, and
it protrudes into the matrix of the mitochondria to form
cristae [2–4]. The connections between IBM and the cristae
are the crista junctions (CJs), which are relatively uniform
narrow, tubular and slot-like structures [5].

Mitochondrial cristae and crista junctions are important
for mitochondrial organization and functions [6]. The for-
mation of cristae and crista junctions requires Mgm1
(known as OPA1 in mammals), the dimeric form of the
F1FO-ATP synthase (F1FO), Prohibitins (PHBs), and
MICOS complex. Mgm1 (OPA1) cooperates with dimeric
F1FO to stabilize the cristae membranes and to thereby
generate the sac-like structure [5, 7, 8]. mitochondrial inner
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membrane protease OMA1 and Yme1L processes OPA1 at
the S1 and S2 cleavage site, respectively, and the processing
of OPA1 regulates mitochondrial morphology and cristae
remodeling [8–11]. Additionally, OPA1 cleavage at its C-
terminal is associated with the loss of cristae in the mouse
postprandial model [12]. The assembly of MICOS complex
is proposed to limit the fusion process by forming a crista
junction [13–15]. However, so far, how mitochondrial
cristae and crista junctions are formed remained largely
unknown.

Eight subunits of MICOS complex in mammalian are
described: Mic60/IMMT, Mic19/CHCHD3, Mic10/
MINOS1, Mic23/Mic26/APOO, Mic27/APOOL, Mic13/
QIL1, Mic25/CHCHD6 and Mic14/CHCHD10 [16–24]. In
MICOS complex, Mic60, Mic19 and Mic10 play a domi-
nant role in cristae patterning [16, 25]. Additionally, Mic10
and Mic60 show the ability in bending the liposome
membrane in vitro [26, 27]. Mic60 or Mic19 ablation can
affect the mitochondrial dynamics [16, 17, 28]. Further-
more, Mic60 and Mic19 could bind to Sam50 to sustain the
cristae structure [29–31]. Sam50 is a key component of the
SAM complex, which is essential for membrane integration
and assembly of β-barrel proteins into the mitochondrial
outer membrane [32, 33]. The SAM complex is assembled
by three components: the core subunit Sam50 (Tob55) and
two peripheral membrane proteins, Sam35 and Sam37
(Metaxin1 (MTX1) and Metaxin2 (MTX2) in mammals)
[32]. Sam50 depletion, but not Metaxin2 depletion, could
trigger abnormal mitochondrial morphology and cristae
structures [34–36], but the mechanism of Sam50 in reg-
ulating cristae organization is still obscure. In addition, it
remains unclear how the synergistic interactions between
SAM and MICOS complex play role in the formation of
mitochondrial contact sites and the biogenesis of mito-
chondrial cristae structure. Recently, some groups reported
a larger protein complex, around 2200–2800 kDa, stretch-
ing across the inner and out membrane which termed
“mitochondrial intermembrane space bridging” (MIB)
complex [35, 37, 38], in which MICOS complex interacts
with DNAJC11, Sam50, MTX1, and MTX2 to regulate the
cristae function [3, 39, 40]. However, the mechanism of
MIB complex assembly and the role of MIB complex in
mitochondrial morphology and ultrastructure are largely
unknown.

In this study, we find that Mic19 can be cleaved at N-
terminal by mitochondrial metalloprotease OMA1 upon
certain stresses. This feature provides us with excellent tools
to prove the key role of the Sam50–Mic19–Mic60 axis in
mediating mitochondrial outer- and inner-membrane con-
tact. The cleaved short form of Mic19 (S-Mic19) disrupts
the interaction between SAM and MICOS and then causes
the abnormal mitochondrial morphology, loss of mito-
chondrial crista junctions, and impairs ATP production.

Overall, we provide a new mode that Sam50–Mic19–Mic60
axis-mediated OMM and IMM contact dominantly reg-
ulates the formation of cristae junction.

Results

Mic19 can be cleaved by mitochondrial protease
OMA1

Mitochondrial proteases, which are distributed in the dif-
ferent mitochondrial compartment and responsible for the
turnover of mitochondrial proteins, regulate the mitochon-
drial homeostasis. Mic19 knockdown resulted in Sam50
degradation, and Yme1L knockdown partly inhibited
Sam50 degradation (Figure S1A); furthermore, Yme1L
physically interacted with Sam50 (Figure S1B). These data
suggest that Yme1L regulates Sam50 degradation. Unex-
pectedly, instead of causing the degradation of Mic19,
Sam50 knockdown (shSam50) resulted in Mic19 cleavage,
which forms a short form of Mic19 (S-Mic19) (Fig. 1a).
However, the depletion of Mic60 or Mic25 did not lead to
Mic19 cleavage (Figures S1C and S1D).

Because Mic19 locates at the mitochondrial inter-
membrane space, we investigated whether Yme1L or
OMA1 cleaves Mic19. OMA1 but not Yme1L knockout
blocked Mic19 cleavage (Fig. 1a, b), indicating that OMA1
mediates Mic19 cleavage. To determine whether the Mic19
cleavage locates at the N-terminus or C-terminus, Mic19-
Flag was transiently overexpressed in 293 T cells, and the
cleavage of Mic19-Flag was detected (Figure S1E). Addi-
tionally, Mic19-Flag stably overexpressed HeLa cells were
treated with CCCP to activate OMA1. Both endogenous S-
Mic19 and exogenous S-Mic19-Flag were detected in
CCCP-treatment cells but not in control (Fig. 1c), implying
that Mic19 can be cleaved at N-terminal upon OMA1
activation. In contrast, in response to OMA1 knockdown or
OMA1 knockout, Mic19-Flag failed to be cleaved even
with CCCP treatment (Fig. 1d and S1F). In addition, co-
immunoprecipitation (co-IP) assay revealed that Mic19
interacts with OMA1-E324Q (OMA1-E324Q is a proteo-
lytic inactive mutant that could keep interaction with its
substrates last longer [9]) (Fig. 1e). These results suggested
that Mic19 is cleaved at N-terminal by OMA1.

To ascertain the cleavage site of Mic19, we firstly
compared the molecular weight (MW) of proteins being
displayed in SDS-PAGE, and found that S-Mic19 is about
3 kDa smaller than Mic19. 3 kDa is equivalent to the MW
of about 36 amino acids (aa). We then deleted a total of
10aa (positions 31–40aa as in human) of Mic19 to infer the
location of the cleavage site. We found the cleavage of the
Mic19 variant deleting such 10aa is inhibited after CCCP
treatment (Fig. 1f, g), indicating that the cleavage site is
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located around the region 31–40aa of Mic19. Next, we
assessed the sequence conservation of Mic19 cleavage site
in vertebrates. We obtained protein sequences of Mic19 and
Mic25 (another MICOS subunit) of multiple species
representing diverse vertebrate lineages from the GenBank

database (https://www.ncbi.nlm.nih.gov/). These sequences
were aligned and subsequently used to reconstruct a phy-
logenetic tree (Figure S1G), which is consistent with the
vertebrate species tree [41], suggesting that Mic19 and Mic
25 protein sequences are generally conserved across
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vertebrates, respectively. The protein alignment further
confirmed the sequence conservation of Mic19 (Fig-
ure S1H). By contrast, in the aligned region 31–40aa, two
amino acids “ID” are strictly conserved in Mic19, whereas
the corresponding amino acids are “VN” that are conserved
in Mic25 (Figure S1H), suggesting that these two amino
acids “ID” may be critical for cleavage of Mic19. Moreover,
exogenous Mic25-Flag is un-cleavable upon CCCP treat-
ment (Fig. 1h). Therefore, we mutated “ID” in Mic19 to
“VN” (Mic19ID33-34VN) and implemented in a manner
similar as the control did (Fig. 1g). No cleavage of
Mic19ID33-34VN was detected in response to CCCP treatment
(Fig. 1g), indicating that “ID” of Mic19 is the site of
cleavage. In addition, co-IP assay revealed that both Mic19-
Flag and Mic19ID33-34VN-Flag interacted with OMA1E324Q-
Myc (Figures S1I), suggesting that “ID” is the cleavage site
but not the binding site by OMA1. To further test whether
“ID” are indispensable for the cleavage by OMA1, we
replaced the “VN” in Mic25 with “ID” and examined the
processing of Mic25VN35-36ID. OMA1-mediated cleavage of
Mic25VN35-36ID was displayed (Fig. 1i, j). Therefore, the
inter-paralog replacement of two amino acids endows
Mic19 obvious resistance and Mic25 more susceptible to
OMA1 cleavage. Additionally, the cleavage site of all
known OMA1’s substrates including OPA1, OMA1, and

Mic19 was aligned and compared, and no conserved sites
were found in these substrates (Figure S1J).

Overall, these results suggest that the cleavage site of
Mic19 by OMA1 is possibly right after the “ID” at its N
terminal.

OMA1 mediates Mic19 cleavage in response to the
certain physiological stresses

To investigate the physiological relevance of OMA1-
mediated Mic19 cleavage, we produced a postprandial
mouse liver model according to the previous report [12]. At
5 h postprandial, the hepatic phosphorylated ribosomal
protein S6 was markedly decreased (Figures S2A and S2B),
suggesting that mTORC1 activity is decreased; moreover,
increased Mic19 cleavage was detected in postprandial liver
(Figure S2C), indicating that OMA1-mediated Mic19 clea-
vage is physiologically relevant and associated with the
mTORC1 signaling pathway. Furthermore, we assessed the
physiological relevance of OMA1-mediated Mic19 cleavage
by performing hypoxia-reperfusion injury (H/R) assay. In
response to H/R, the OMA1 self-cleavage were increased,
suggesting that OMA1 were activated [9], moreover, H/R-
induced Mic19 cleavage (Figures S2D and S2E).

To investigate the physiological role of Mic19 cleavage,
we assessed cell viability and apoptosis of Mic19 KO
cells expressing wild-type Mic19 or mutant Mic19
(ID33-34VN). Upon H/R, compared with WT Mic19,
Mic19 (ID33-34VN) expressed Mic19 KO HeLa cells showed
an increased cell viability and decreased TUNEL-positive
cells that indicate apoptotic cells (Figures S2F-S2H);
moreover, the cleaved caspase-3 was decreased in H/R
treated Mic19 KO HeLa cells expressing Mic19 (ID33-34VN)

(Figure S2E). These data suggest that OMA1-mediated
Mic19 cleavage promotes H/R-induced apoptosis. Interest-
ingly, just a small amount of Mic19 were cleaved at 5 h
postprandial or upon H/R (Figures S2C-S2E), but this few
Mic19 cleavages promotes cell death (Figures S2F-S2H),
indicating that S-Mic19, the product of Mic19 cleavage,
gains proapoptotic function, in other words, S-Mic19 has a
biological function per se.

Mic19 cleavage disrupts Sam50-Mic19-Mic60 axis
and disassembles MIB supercomplex

Mic19 interacts with the mitochondrial outer membrane
protein Sam50 and the mitochondrial inner membrane
protein Mic60 [17]. We also demonstrated these interac-
tions by mass spectrometry, co-IP and GST-pull down assay
(Supplementary Table S1 and Figures S3A-3C). Then, we
investigated whether Mic19 cleavage affects the interactions
between Mic19 and Sam50 or Mic60. Co-IP assay revealed
that Mic60 interacts with Mic19-Flag and S-Mic19-Flag but

Fig. 1 Mic19 can be cleaved by mitochondrial protease OMA1.
a-b Wild-type (WT), Yme1L KO (a) or OMA1 KO (b) HCT116 cells
were infected by retrovirus particles containing control or shSam50,
and further cultured for 7 days. Cell lysates were analyzed by Western
blotting using the indicated antibodies. c HeLa cells stably expressing
Human Mic19-Flag were treated with DMSO or CCCP (20 μM, 4 h).
Cell lysates were analyzed by Western blotting with anti-Flag, anti-
Mic19, or anti-HSP60 antibodies. The black arrowhead indicates the
specific protein. d HeLa cells stably expressing Mic19-Flag were
infected by lentivirus particles containing control or shOMA1, and
cultured for an additional 5 days. Cells were then treated with DMSO
or CCCP (20 μM) for 4 h. Mic19-Flag cleavage was examined by
Western blotting using anti-Flag antibodies. e 293 T cells were tran-
siently transfected with control (empty vector) or plasmid coding for
OMA1E324Q-Flag (which glutamic acid (E) at residue 324 was sub-
stituted by glutamine (Q) that leads to OMA1 catalytically dead). After
48 h transfection, the cells were harvested and solubilized with IP lysis
buffer, and cell lysates were then immunoprecipitated with anti-Flag
M2 affinity gel, followed by Western blotting using the indicated
antibodies. f The schematic presentation of human Mic19 and Mic25
domain. ‘DUF737’ indicates the domain of unknown function;
‘CHCH’ indicates the coiled-coil helix-coiled-coil helix domain. The
comparison of N-terminal 27–38 amino acids (AA) of Mic19 and N-
terminal 29–40AA of Mic25 were showed on the right. g HeLa cells
stably expressing Mic19-Flag and the indicated Mic19 mutants (Flag-
tagged) were treated with DMSO or CCCP (20 μM, 4 h), and cell
lysates were then analyzed by Western blotting using anti-Flag or anti-
Tubulin antibodies. “Δ” indicates deletion of residues. h-j HeLa cells
expressing Mic25-Flag (h) or the indicated Mic25 mutants (i), and WT
or OMA1 KO HCT116 cells expressing Mic25 mutants (j) were
treated with DMSO or CCCP (20 μM, 4 h). Cell lysates were then
analyzed by Western blotting using the indicated antibodies
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not with Mic19 (1-35aa)-Flag (N-terminal 35 amino acids
of Mic19) (Fig. 2a). In contrast, large amounts of Sam50
were precipitated by Mic19-Flag or Mic19 (1-35aa)-Flag,
but little amount of Sam50 was precipitated by S-Mic19-
Flag (Fig. 2a). A small amount of Sam50 was still pre-
cipitated by S-Mic19-Flag probably because S-Mic19-Flag
can interact with endogenous Mic19, which binds to this
small amount of Sam50. Indeed, Mic19-Flag could pre-
cipitate S-Mic19 (Fig. 2a). These data suggest that Mic19
(1-35aa)-Flag but not S-Mic19-Flag interacts with Sam50.
Furthermore, GST pull-down assay verified that Mic19 (1-
35aa)-Flag but not S-Mic19-Flag specifically binds to
Sam50, and S-Mic19-Flag but not Mic19 (1-35aa)-Flag
directly interacted with Mic60 (Fig. 2b–d). Therefore,
Mic19-Sam50 interaction was disrupted after Mic19
cleavage.

MIB supercomplex could be formed by the interaction
of SAM and MICOS complexes by using complexome
profiling analysis [3]. We performed BN-PAGE assay to
confirm the SAM, MICOS and MIB complexes by using
Mic19 KO HeLa cells and the Mic19 cardiac-specific
knockout mice heart (Figures S3D and S3E). Next, we
examined the effect of Mic19 cleavage on the assembly of
these complexes. Mitochondria from WT cells, Mic19 KO
cells, Mic19ΔgRNA-Flag cells, and S-Mic19ΔgRNA-Flag
expressed Mic19 KO cells were then analyzed by BN-
PAGE. MIB complex was detected in WT (lane 1) and
Mic19ΔgRNA-Flag expressed Mic19 KO cells (lane 3) but
not in Mic19 KO (lane 2) and S-Mic19ΔgRNA-Flag
expressed Mic19 KO cells (lane 4) (Fig. 2e). Interestingly,
MICOS complex (~ 700 kDa) were still maintained in S-
Mic19ΔgRNA-Flag expressed Mic19 KO cells (Fig. 2e),
suggesting that S-Mic19 maintains the ability to assemble
MICOS complex. In addition, MICOS subunits Mic60
and Mic10 were recovered by Mic19ΔgRNA-Flag,
Mic19(ID33-34VN) ΔgRNA-Flag, and S-Mic19ΔgRNA-Flag in
Mic19 KO cells (Fig. 2f). However, Sam50 was only
recovered by Mic19ΔgRNA-Flag and Mic19-(ID33-34VN)-ΔgRNA-
Flag but not S-Mic19ΔgRNA-Flag in Mic19 KO cells
(Fig. 2f), suggesting that MIB supercomplex is disrupted in
S-Mic19ΔgRNA-Flag expressed Mic19 KO cells due to the
disruption of Sam50-Mic19 interaction. Therefore, these
results suggest that Mic19 cleavage disrupts the integrity of
MIB supercomplex. Additionally, BN-PAGE assays
revealed that S-Mic19ΔgRNA-Flag and Myc-Sam50 co-
expressed Mic19 KO cells still loss the MIB supercomplex
although SAM and MICOS complexes are present
(Fig. 2h), further conforming that Mic19-Sam50 interaction
is required for the MIB supercomplex. Therefore, Mic19
cleavage disrupts the Sam50-Mic19-Mic60 axis and then
result in the disassembly of MIB supercomplex.

Mic60 and Mic25 also bind to Sam50 [29–31], indicat-
ing that Sam50-Mic60 axis and Sam50-Mic25-Mic60 axis

may also be responsible for MIB complex assembly.
However, Sam50 is destabilized in S-Mic19ΔgRNA-Flag
expressed Mic19 KO cells, which maintain the normal level
of Mic60 and Mic25 (Fig. 2f, g), suggesting that Mic19-
Sam50 but not Mic60-Sam50 or Mic25-Sam50 interaction
is responsible for Sam50 stabilization. Therefore, Sam50-
Mic19-Mic60 axis dominantly contributes to the MIB
supercomplex assembly and the mitochondrial outer- and
inner-membrane contact.

Disruption of Sam50-Mic19-Mic60 axis causes the
abnormal mitochondrial morphology and the loss of
crista junctions

We then investigated the role of Sam50-Mic19-Mic60 axis
in the mitochondrial morphology and structure. The certain
confocal microscopy images were provided to show the
typical mitochondrial shapes of ‘Tubular’, ‘Short Tubular’,
‘Fragmented’, ‘Expanded’, and ‘Large Spherical’ (Fig-
ures S4A). Remarkably, almost all Mic19 KO HeLa cells
showed the ‘Expanded’ mitochondrial network (Fig. 3a).
After re-expression of Mic19ΔgRNA-Flag or Mic19-(ID33-34VN)
ΔgRNA-Flag in Mic19 KO cells, which restored Sam50-
Mic19-Mic60 axis, the normal tubular mitochondria was
recovered (Fig. 3a–c). Surprisingly, more ‘large spherical
mitochondria’ appeared in S-Mic19ΔgRNA- Flag expressed-
Mic19 KO cells in which Mic19-Mic60 interaction is
restored but Sam50 is not recovered (Figs 2a–f, 3a, b).
Because Sam50 depletion causes abnormal spherical mito-
chondria [35, 36], we overexpressed Myc-Sam50 in Mic19
KO cells or S-Mic19ΔgRNA-Flag expressed Mic19 KO cells,
and found that these cells expressing Myc-Sam50 still
showed the spherical mitochondria (Fig. 3b, c), indicating
that Mic19-Sam50 interaction is required for the main-
tenance of normal mitochondrial morphology. Additionally,
“large spherical” mitochondria were also observed in Mic60
depleted MEFs [16]. Therefore, our data suggest that the
disruption of Sam50-Mic19-Mic60 axis results in the
abnormal spherical mitochondria.

Defficiency of MICOS complex key subunits such as
Mic60 or Mic10 affects mitochondrial cristae conformation
[16, 26]. Since Mic60 and Mic10 expression were recov-
ered in S-Mic19ΔgRNA-Flag expressed Mic19 KO cells, we
speculated that cristae should be normal. However, S-
Mic19ΔgRNA-Flag expression could not recover the crista
junctions in Mic19 KO cells (Fig. 3d). Furthermore, S-
Mic19ΔgRNA-Flag and Myc-Sam50 co-expressed Mic19 KO
cells, which maintained Sam50, Mic60 and Mic10 expres-
sion (Fig. 2g), still could not restore crista junctions (CJs)
(Fig. 3d, e), suggesting that Sam50-Mic19 interaction reg-
ulates Cjs formation. Because mitochondrial energy pro-
duction is closely related to mitochondrial cristae [42], we
then measured ATP production in cells. The disruption of
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the Sam50-Mic19 axis, even in the presence of SAM and
MICOS complexes (Fig. 2h), resulted in significantly
reduced ATP production (Fig. 3f). Therefore, Sam50-

Mic19-Mic60 axis plays a critical role in the regulation of
mitochondrial morphology, crista junctions formation, and
ATP production.
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Sam50 may act as a mitochondrial outer membrane
anchoring point guiding the formation of crista
junctions through Sam50-Mic19-Mic60 axis

What is the role of Sam50, an outer membrane protein, in
the formation of crista junctions? We assessed mitochon-
drial morphology and structure in short-term depletion of
Sam50 (shSam50, 5 days) cells, which maintain the normal
level of TOM40 and VDACs [36]. We performed Sam50
knockdown (5 days) in Mic19(ID33-34VN) ΔgRNA-Flag
expressed Mic19 KO cells in which Mic19 cleavage is
blocked. Upon Sam50 depletion, Mic60 and Mic10 were
unaltered no matter whether Mic19 is cleaved or not
(Fig. 4a). Confocal microscopy revealed that shSam50
(5 days) cells, shSam50 plus Mic19ΔgRNA-Flag or
Mic19(ID33-34VN) ΔgRNA-Flag expressed Mic19 KO cells dis-
played remarkably fragmented mitochondria (Fig. 4b, c).
These results suggest that Sam50 deficiency, but not the
cleavage of Mic19, directly regulates mitochondrial mor-
phology. Moreover, TEM revealed that most cristae of WT
mitochondria connected with inner membrane and crista

junctions were regularly arranged (Fig. 4d). However,
almost all cristae of shSam50 mitochondria pinched off
from the inner membrane, leading to crista junctions col-
lapsed (Fig. 4e), and the similar cristae were also found in
shSam50 plus Mic19ΔgRNA-Flag or Mic19-(ID33-34VN) ΔgRNA-
Flag expressed Mic19 KO cells (Fig. 4e, f). These results
indicate that Sam50 depletion is the primary effect leading
to cristae deformation. In addition, upon shSam50, the level
of MTX1 and MTX2 were remarkably decreased, and
Mic19 cleavage was induced (Figure S4B). However, upon
shMTX1 or shMTX2, Sam50 remained unchanged, and
Mic19 cleavage was not induced (Figure S4B). These data
suggest that the loss of Sam50 alone, but not SAM com-
plex, induces Mic19 cleavage. Moreover, mitochondrial
cristae are normal in response to MTX2 knockdown [35],
indicating that Sam50 but not SAM complex regulates
mitochondrial cristae remolding. It should be noted that
Mic19 definitely regulates SAM complex stability by
directly binding to Sam50, because Mic19 depletion results
in a reduced level of Sam50, MTX1 and MTX2, moreover,
caused the loss of SAM complex (Fig. 2e and S4C). Thus,
we speculated that Sam50 might act as an anchoring point
in mitochondria outer membrane to guide the formation of
crista junctions. To further illustrate this hypothesis, we
performed a super-resolution imaging with Hessian-SIM,
which is a new powerful technology in visualizing mito-
chondrial cristae [43]. In Cos7 cells, mitochondrial cristae
membranes were clearly observed by using Hessian-SIM,
and Sam50-GFP signal is puncta and localized at mito-
chondrial outer membrane facing mitochondrial cristae
junctions (Fig. 4g, h). In addition, TEM revealed that most
mitochondrial cristae junctions were also lost in Sam50 KO
MEFs (Figures S4E and S4F). Additionally, unlike Mic19
KO, Sam50 KO does not cause complete loss of cristae
junctions, probably because Sam50 is only knockout for
5 days [long time such as 10 days results in cell death (data
not shown)] and a small amount of Sam50 still exist (Fig-
ure S4D). Overall, Sam50 may serve as an outer membrane
anchoring point and connect MICOS complex to anchor the
crista junctions at a specific site of the mitochondrial inner
membrane.

Restoration of Sam50-X-Mic60 axis by
overexpression of Mic25 in Mic19 KO cells can
reconstruct mitochondrial morphology and crista
junctions

Among subunits of the MICOS complex, Mic25 exhibits
36% overall sequence identity and 80% similarity to Mic19
[14]. In addition, Mic60 depletion reduced Mic25, while
Mic19 KO decreased Mic60 but not altering Mic25
level (Figure S5A). Moreover, Mic25 is also capable of
forming direct interaction with Sam50 and Mic60

Fig. 2 Mic19 cleavage disrupts Sam50-Mic19-Mic60 axis and dis-
assembles the MIB supercomplex. a Cell lysates of 293 T cells
expressing control (empty vector), Mic19-Flag, S-Mic19-Flag, and
Mic19 (1-35aa)-Flag were used for co-immunoprecipitation (co-IP)
assay with anti-Flag M2 resin, and the protein samples were subjected
to immunoblot using the indicated antibodies. b–d GST or His fused
proteins were expressed in E. coli, cell extracts were used for GST
pull-down assay by using the Pierce Glutathione Agarose, and the
protein samples were analyzed by Western blotting using antibodies
against GST or His. The examination of the direct interaction between
Mic19 (1-35AA) and Sam50 (b). The demonstration of the direct
interaction between S-Mic19 and Sam50 (c). The detection of direct
interaction between Mic19 (1-35AA) or S-Mic19 with Mic60 (371-
590AA) (d). e Mitochondria were extracted from WT, Mic19 KO, or
Mic19ΔgRNA-Flag or S-Mic19ΔgRNA-Flag expressed Mic19 KO HeLa
cells, then non-denatured protein samples from mitochondria were
analyzed for MIB, MICOS and SAM complexes by BN-PAGE and
Western blotting using indicated antibodies. The bands of the com-
plexes are labeled with corresponding boxes. The MIB complex is
approximately 2000kDa, and the MICOS is ~700 kDa. SAM complex
is approximately 250 kDa, ~ 125 kDa unidentified complex containing
Sam50 is showed. Mitochondrial supercomplex II is detected by anti-
SDHA, served as loading control. “Mic19ΔgRNA” is a Mic19 mutation
(2 nucleotides of Mic19 cDNA were mutated, but the amino acid
sequences of Mic19 are not changed) in the sequence of guide RNA
(gRNA) against Mic19 gene. Mic19ΔgRNA could not be recognized by
the Mic19 KO Cas9/CRISPR system. f Control (empty vector),
Mic19ΔgRNA-Flag, S-Mic19ΔgRNA-Flag, and Mic19(ID33-34VN)ΔgRNA-
Flag were stably expressed in Mic19 KO HeLa cells respectively. Cell
lysates were analyzed by Western blot using indicated antibodies. g
Cell lysates of WT and Mic19 KO HeLa cells expressing the indicated
protein were analyzed for expression of MICOS subunits by Western
blotting using the indicated antibodies. h Mitochondria were extracted
from indicated cells, BN-PAGE and Western blotting analysis for the
related cell lines, the non-denatured protein samples from mitochon-
dria were analyzed for MIB, MICOS and SAM complexes by BN-
PAGE and Western blotting. The bands of the complexes are labeled
with corresponding boxes

Sam50–Mic19–Mic60 axis determines mitochondrial cristae architecture by mediating. . .



(Figures S5B-S5E). Therefore, we investigate whether there
is a functional overlap between Mic19 and Mic25. Mic25
KO did not affect the level of other MICOS subunits and

mitochondrial morphology (Fig. 5a–e). However, compared
with Mic19 KO, Mic25 knockdown (shMic25) plus Mic19
KO converted mitochondrial shape from “expanded” to
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‘large spherical’ (Fig. 5b–d), and led to an obvious more
reduction of Mic60, Mic10, and Sam50 (Fig. 5e). The
similar phenotypes were observed in Mic19 knockdown
(shMic19) plus Mic25 KO cells (Fig. 5c, d). These results
suggest that Mic25 functionally overlap with Mic19, but
Mic19 play a dominant role in mediating Sam50-X-Mic60
axis and maintaining mitochondrial morphology.

Compared with Mic25, Mic19 possess a dominant role in
Sam50-X-Mic60 axis, we, therefore, investigated whether
Mic19 protein abundance is much higher than that of
Mic25. The protein level of endogenous Mic19 and Mic25
are comparable, and Mic25 slightly lower than Mic19
(Figures S5F-S5I). In addition, Mic25 KO cells display
normal mitochondrial cristae architecture (Figures S6A and
S6B). These data suggest that Sam50-Mic19-Mic60 axis
plays a key role in mitochondrial cristae organization, and
upon Mic19 downregulation, Mic25 works together with
the rest Mic60 and Sam50, and forms Sam50-Mic25-Mic60
axis to partially maintain the function of Sam50-X-
Mic60 axis.

We investigated whether overexpressed Mic25 in Mic19
KO cells can form an axis to restore the mitochondrial outer
and inner membrane contact. Overexpressed Mic25-Flag
(about 10 fold of endogenous Mic25) in Mic19 KO cells
recovered the level of other MICOS subunits and the

normal mitochondrial morphology (Fig. 5f–h). Addition-
ally, overexpression of Mic25-Flag in WT or Mic19 KO
cells resulted in more incorporation of Mic25 or Mic25-Flag
into MICOS complex and MIB complex, in contrast, less
endogenous Mic19 was assembled into MICOS complex
and MIB complex (Figure S6C). Moreover, expression of
Mic19-GFP causes the reduced interaction between Mic25-
Flag and Mic60 (Figure S6D). These results suggest that
Mic25 and Mic19 competitively bind to Mic60, and over-
expressed Mic25 could partially replace Mic19 to form a
new axis with Sam50 and Mic60 and mediate the mito-
chondrial outer- and inner- membrane contact. Furthermore,
mitochondrial crista junctions was reconstructed and the
ATP level was recovered in Mic25 overexpressed Mic19
KO cells (Fig. 5i, j and S6E). Therefore, our data indicate
that Mic25 is a compensatory factor for establishing Sam50-
X-Mic60 axis, which bridges mitochondrial outer and inner
membrane contact and regulates mitochondrial morphology
and ultrastructure.

Discussion

We discovered that Mic19 can be cleaved at N-terminal by
mitochondrial metalloprotease OMA1. OMA1-mediated
Mic19 cleavage provides us a robust tool to explore the
key role of the Sam50–Mic19–Mic60 axis in mediating
mitochondrial outer and inner membrane contact. The
cleavage of Mic19 interrupts the Sam50-Mic19-Mic60
interaction axis, and then results in the disruption of MIB
complex. Although Mic60 can also interact with Sam50
[30], Mic60 but not Sam50 can be restored by expression of
S-Mic19-Flag in Mic19 KO cells (Fig. 2f), suggesting that
Mic60 alone cannot stabilize Sam50. Thus, Mic19 acts as
the middle bearings to bridge and stabilize Sam50 (the outer
membrane protein) and Mic60 (the inner membrane pro-
tein). It has been reported that N-terminal myristoylation of
Mic19 may be required for the interaction with the outer
membrane protein, and the myristoylation and the CHCH
domain are essential for the import and mitochondrial
localization of Mic19 [29], thus, S-Mic19-Flag losing its
ability to interact with Sam50 may due to the missing of N-
terminal myristoylation of Mic19. However, S-Mic19-Flag
still maintains the ability to import into mitochondria and
assembly MICOS complex (Figs. 2e and 3a).

In the last dozen years, MICOS and its subunits have
been identified to be critical for mitochondrial membranes
contact and cristae organization [4, 24, 44]. However,
Mic60 or Mic19 deletion always accompanies with the
disruption of whole MICOS complex [16, 17]. Therefore, it
is hard to verify whether Mic60 or Mic19 alone is sufficient
to regulate the cristae structure and mitochondrial mem-
branes contact. Recently, Mic60 was reported to have the

Fig. 3 Disruption of Sam50-Mic19-Mic60 axis leads to abnormal
mitochondrial morphology and loss of crista junctions. a Mic19 KO
HeLa cells stably expressing mito-GFP (a mitochondrial marker) were
infected with retrovirus particles containing empty vector,
Mic19ΔgRNA-Flag, S-Mic19ΔgRNA-Flag, and Mic19(ID33-34VN)ΔgRNA-
Flag respectively. Cells were then immunostained with anti-Flag
antibody, and mitochondrial morphology was visualized by confocal
microscope. Local magnifications of all morphological graphs were
shown on the top panel. b Myc-Sam50, or S-Mic19ΔgRNA-Flag plus
Myc-Sam50 were expressed in Mic19 KO HeLa cells stably expres-
sing mito-GFP, respectively. Cells were then immunostained with anti-
Flag or anti-Myc antibodies, Mitochondrial morphology was visua-
lized by confocal microscope. c Mitochondrial morphology described
in “A and B” was counted according to the criteria detailed in“Ma-
terials and Methods”. All data represent the means ± SD of three
independent experiments (100 cells per independent experiment).
Statistical significance was assessed by student’s t-test, ***P < 0.001
and N.S indicates none significance. d Mitochondrial cristae junctions
structure in WT, Mic19 KO, and Mic19 KO HeLa cells expressing
Mic19-Flag, S-Mic19-Flag, Myc-Sam50 or S-Mic19-Flag plus Myc-
Sam50 were analyzed by transmission electron microscope (TEM).
The ultrathin section sample was observed using an electron micro-
scope (JEM-1400 plus, Tokyo, Japan) under the condition of an
accelerating voltage of 100 kV. e Statistics of the mitochondrial
ultrastructure in the cells described in (d). Error bars represent means
± SD of three independent experiments in which 100 mitochondrial
cristae and the number of the corresponding CJs were counted. ***P <
0.001 vs WT. f The relative ATP level of WT, Mic19 KO, and Mic19
KO HeLa cells expressing Mic19-Flag, S-Mic19-Flag, Myc-Sam50 or
S-Mic19-Flag plus Myc-Sam50 were measured using an ATP assay
kit. Error bars represent means ± SD of three independent experiments,
***P < 0.001 vs WT
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ability to bend liposomes in vitro [24], making Mic60 being
a dominant player in stabilizing and promoting cristae for-
mation. In addition, Mic10 oligomerization could efficiently

bend liposomes in vitro [26]. These results suggest that
Mic60 and Mic10 are cristae organization regulating
effectors, and MICOS complex itself is supposed to be
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sufficient for cristae formation and organization. However,
depletion of Mic60 or Mic19 not only severely disrupts
MICOS subunits but also destabilizes mitochondrial outer
membrane Sam50 (Figure S4A), which is closely involved
in cristae organization [35, 36]. Therefore, it is questionable
whether the abnormal cristae is caused directly by the
depletion of Mic60, Mic19 or Sam50. In our study, we
proved that Sam50-Mic19-Mic60 axis is critical for MIB
assembly and maintenance of normal mitochondrial mor-
phology and ultrastructure. Disrupted Sam50-Mic19-Mic60
axis, even in the presence of SAM and MICOS complex,
cause the abnormal mitochondrial morphology, the loss of
cristae junctions, and the decrease of ATP production
(Fig. 3). Overall, Sam50-Mic19-Mic60 axis, but not
MICOS or SAM complex, determines mitochondrial cristae
architecture.

The mechanism of formation and maintenance of CJs
remains unclear, and most of the previous studies focus on
the role of mitochondrial inner membrane proteins, such as
OPA1, Mic60, and PHBs, in mitochondrial cristae organi-
zation [7, 15, 45]. However, it is rarely reported how

mitochondrial outer membrane proteins act on the formation
of CJs. We found that CJs fall off from the inner membrane
when Sam50 was depleted (5 days) without affecting
MICOS core subunits Mic60 and Mic10 (Fig. 4), indicating
that outer membrane protein Sam50 is also indispensable
for crista junctions formation. Additionally, Sam50-Mic19-
Mic60 axis determines the mitochondrial cristae structure
(Fig. 3e, f), we put forward a new viewpoint that Sam50
acted as an anchoring point in the mitochondrial outer
membrane for the mitochondrial crista junctions. We also
used Hessian-SIM to visualize mitochondrial cristae [43].
Mitochondrial cristae membranes were clearly displayed,
and Sam50-GFP signal showed puncta localization at
mitochondrial outer membrane facing mitochondrial cristae
junctions (Fig. 4g, h), indicating that Sam50 acted as an
anchoring point in the mitochondrial outer membrane for
the mitochondrial crista junctions. Therefore, Sam50 not
only functions in the biogenesis of mitochondrial β-barrel
proteins, but also cooperates with MICOS to regulate
mitochondrial cristae organization.

Taken together, Mic19 stabilizes and links Sam50 and
Mic60 to establish Sam50–Mic19–Mic60 axis. The syner-
gistic contact of mitochondrial outer and inner membrane
mediated by Sam50–Mic19–Mic60 axis is critical for the
establishment and maintenance of mitochondrial cristae
architecture.

Materials and methods

Cell culture and reagents

HeLa, HCT116, 293 T, GP2-293, MEFs and COS7 cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(PAN, Germany), 100 U/mL Penicillin and 100 mg/mL
Streptomycin (Gibco) at 37 °C with 5% (v/v) CO2.
Reagents used in this paper were listed as follows: Dimethyl
sulfoxide (DMSO, Sigma-Aldrich); Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, Sigma-Aldrich); no-
Glucose DMEM (#11966-025, Invitrogen); Puromycin
(#A1113803, Invitrogen); Hygromycin B (#V900372,
Sigma-Aldrich); Digitonin (#D141, Sigma-Aldrich)

Immunostaining

Cells grown on glass coverslips in a 12-well plate were
fixed with 4% paraformaldehyde (dissolved in PBS PH7.4)
for 15–20 min at room temperature, and washed with PBS
three times, cells were then incubated with 0.1% Triton X-
100 (diluted with PBS) for 10 min and washed with PBS
buffer once. Next, cells were blocked with PBS plus 10%
FBS at room temperature (RT) for 1 h, and incubated with

Fig. 4 Sam50 may act as an anchoring point for Sam50-Mic19-Mic60
axis to guide the formation of mitochondrial crista junctions.
a Knockdown of Sam50 (shSam50, 5 days) in WT, Mic19 KO, and
Mic19ΔgRNA-Flag or Mic19 (ID33-34VN)ΔgRNA-Flag expressed Mic19 KO
HeLa cells were performed by infecting cells with control or shSam50
lentiviral particles, cell lysates were then analyzed by Western blotting
using indicated antibodies. Tubulin was used as loading control.
b WT, Mic19ΔgRNA-Flag, or Mic19 (ID33-34VN)ΔgRNA-Flag expressed
Mic19 KO HeLa cells were infected with control or shSam50 lentiviral
particles. 5 days after infection, shSam50 and control cells were then
mixed and grown on the same glass slide, and were fixed and
immunostained with anti-HSP60 antibody, mitochondrial morphology
was visualized by confocal microscope. shSam50 (shRNAi against
Sam50) plasmid, which also encodes a nuclear localization signal
fused GFP (nu-GFP), was used to deplete Sam50, and empty vector
without nu-GFP was acted as control. Nu-GFP positive cells indicate
“shSam50 cells”, and cells without nu-GFP expression indicate“con-
trol cells”. c Mitochondrial morphology of indicated cell lines was
classified into three types (tubular, short tubular, and fragmented) and
counted. Bars represent means ± S.D. of three independent experi-
ments. d-e The mitochondrial cristae junction structures of WT,
Mic19ΔgRNA-Flag or Mic19 (ID33-34VN)ΔgRNA-Flag expressed Mic19 KO
HeLa cells with or without Sam50 knockdown were analyzed by
transmission electron microscope (TEM). f Statistics of the mito-
chondrial ultrastructure in the indicated cell lines. The mean value and
standard deviations (S.D.) were calculated from 3 independent
experiments in which 100 mitochondrial cristae and the number of
corresponding CJs were counted, ***P < 0.001. g Sam50-GFP tran-
siently expressed COS7 cells were stained with MitoTracker® Red
CMXRos dye for labeling mitochondria, and the living cells were
visualized and imaged with Hessian-SIM operating at 2D-SIM con-
figuration. A stack of SIM images was processed by Image J software.
Boxed regions in the left image are magnified and shown on the right
panel. The white arrowhead indicated the co-localization of Sam50-
GFP with crista junctions. h Quantification of Sam50-GFP signals in
OMM over against to the CJs structure. 300 Sam50-GFP signals were
counted, and the relative number of the co-localization of Sam50-GFP
with crista junctions were shown

Sam50–Mic19–Mic60 axis determines mitochondrial cristae architecture by mediating. . .



the primary antibody [note: anti-Flag (1:500; Sigma), anti-
Myc (1:500; Santa Cruz), and anti-HSP60 (1:1000;
Abclonal)] for 2 h at RT and subsequently washed with PBS

three times per 5 min. Then, cells were incubated with PBS
containing the secondary antibody (1:1000; Jackson
ImmunoResearch) for 1 h in the dark at RT, and washed
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three times with PBS. Finally, coverslips containing cells
were mounted, and visualized by a Leica confocal micro-
scope (Leica microsystem, Germany).

Mitochondrial morphology analysis

To examine mitochondrial morphology, cells were ran-
domly selected for quantitative analysis and visually scored
into five classifications (‘Tubular’, ‘Short Tubular’, ‘Frag-
mented’, ‘Expanded’ and ‘Large Spherical’). Representative
pictures of different mitochondrial morphology were shown
in Figure S4A.

Co-Immunoprecipitation

For the co-immunoprecipitation (co-IP) assay, all proce-
dures were performed at 4 °C. Cells were harvested and
then solubilized with IP buffer (150 mM NaCl, 10% gly-
cerol, 20 mM Tris–HCl pH 7.4, 2 mM EDTA, 0.5% Non-
idet P-40, 0.5% Triton X-100 and complete protease
inhibitor) for 1 h. The insoluble component was removed by
centrifugation at 12,000 × g for 10 min, and the supernatant
was collected. One-tenth of the supernatant was taken out
and used as ‘Input’, and the rest subsequently incubated
with anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4 °C
overnight. The resin was washed five times with lysis
buffer, and then the proteins (IP products) were recovered

by boiling the beads in SDS sample buffer and analyzed on
SDS-PAGE followed by Western blot analysis.

GST pull-down assay

GST- or His-tagged plasmid was transformed and cultured
in E. coli BL21, shaking 200 rpm/min at 37 °C for 20–24 h,
then 500 μl of bacteria solution was used to inoculate into
10 ml LB liquid medium, shaking 220 rpm/min at 37 °C
about 2–3 h. When the optical density reached OD600=
0.6, the E. coli were induced with 0.4–1 mM IPTG, shaking
200 rpm/min at 16 °C for 18–24 h. The bacterium was then
collected and ultrasonically disrupted in bacteria lysis buffer
(1%Triton X-100, 150 mM Tris–HCl, 300 mM NaCl, pro-
tease inhibitor mixture pH7.4) on ice. The supernatant was
collected by centrifugation at 12,000 × g for 10 min. Next,
two protein supernatants to be tested for interaction were
subsequently incubated with Pierce Glutathione Agarose
beads (Thermo Scientific, Waltham, MA, USA) at 4 °C for
4 h or overnight. Then the beads were collected by cen-
trifugation (1000 × g, 5 min) and washed five times with
PBS at 4 °C. The proteins were recovered by boiling the
beads in SDS sample buffer and analyzed by SDS–PAGE
followed by Western blotting.

Electron microscopy

The procedure for transmission electron microscopy (TEM)
was performed according to the previous report [46]. The
100 mM sodium cacodylate buffer was replaced by 100 mM
phosphate buffer without CaCl2. The sections were sup-
ported on copper grids and then post-stained in uranyl
acetate for 10 min and then in lead citrate for 15 min, and
the stained sections were imaged onto negatives using a
JEM-1400 plus electron microscope operated at 100 kV
(Joel Ltd, Tokyo, Japan).

Mitochondria isolation and BN-PAGE analysis

Homogenization of cells or mouse tissues (liver and heart)
and solubilization of mitochondria for BN-PAGE were
performed according to the previous protocol [47]. The
procedure for isolation of mitochondria of HeLa cells was
optimized. A 100-mm dish of ~90% confluent cells were
digested and collected in a 2.0 ml EP tube, then were cen-
trifuged at 500 × g for 5 min. Cell pellet was re-suspended
in cell homogenization buffer (83 mM sucrose, 6.6 mM
imidazole/HCl, pH 7.0), ultrasonically disrupted cell
membranes on ice. The nuclei and unbroken cells were
removed by centrifugation at 700 × g for 10 min, and the
supernatant subsequently was centrifuged at 10,000 × g for
5 min to collect the pellet containing the crude mitochon-
dria. The pellet was further re-suspended and centrifuged at

Fig. 5 Restoration of Sam50-X-Mic60 axis by overexpression of
Mic25 in Mic19 KO cells can reconstruct mitochondrial morphology
and crista junctions. a–c WT (a), Mic19 KO (b), or Mic25 KO (c)
HeLa cells expressing mito-GFP were knocked down for Mic19
(shMic19) or Mic25 (shMic25) respectively, and mitochondrial mor-
phology was analyzed by confocal microscope. d Mitochondrial
morphology in cell lines described in “a-c” was classified and counted
according to the criteria detailed in “Materials and Methods”, and error
bars represent means ± S.D. of three independent experiments, ***P <
0.001. e Cell lysates of the indicated cells described in “a-c” were
analyzed by Western blotting using the indicated antibodies. Tubulin
protein was used as loading control. f Cell lysates of WT, Mic19 KO,
and Mic19-Flag or Mic25-Flag overexpressed Mic19 KO HeLa cells
were analyzed for protein levels by Western blotting using the indi-
cated antibodies. gMic25-Flag was stably overexpressed in Mic19 KO
cells expressing mito-GFP, and immunostained with anti-Flag anti-
body. Mitochondrial morphology in WT, Mic19 KO, and Mic25-Flag
overexpressed Mic19 KO HeLa cells was assessed by confocal
microscope. h Statistical analysis of mitochondrial morphology in the
cells described in “g” was performed according to the criteria detailed
in “Materials and Methods”, the mean value and standard deviations
(S.D.) were calculated from 3 independent experiments in which 100
cells were scored, ***P < 0.001. i Mitochondrial crista junction
structure of WT, Mic19 KO, or Mic25 overexpressed Mic19 KO HeLa
cells were analyzed by transmission electron microscope (TEM).
j Statistics of the mitochondrial ultrastructure in the indicated cells
described in “h”. The mean value and standard deviations (S.D.) were
calculated from 3 independent experiments in which 100 mitochon-
drial cristae and the number of corresponding CJs were counted,
***P < 0.001
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10,000 × g for 5 min to collect the pellet containing the
isolated mitochondria. The mitochondrial pellet was re-
suspended in solubilization buffer A (50 mM sodium
chloride, 50 mM Imidazole/HCL, 2 mM 6-aminohexanoic
acid and 1 mM EDTA PH7.0 at 4 °C) and lysed by the
addition of ~2% digitonin for 30 min on ice. The non-
denatured protein samples were prepared by adding pro-
portionate glycerol and Coomassie G250 dye, and then
separated on 4–14% blue native polyacrylamide gels. The
gel was transferred to PVDF and immunoblotted with the
indicated antibodies, respectively.

Measurement of ATP Production

Cellular ATP levels were measured using an ATP assay kit
(Celltiter-Glo Luminescent Cell Viability Assay, Promega)
according to the manufacturer’s instructions. Luminescence
was measured using Micro Plate Reader and the values
were normalized to the protein concentration assessed by
BCA Kit (#P0011, Beyotime Biotechnology, China).

Statistical methods

Densitometry was performed using ImageJ software for the
quantitative analysis of the bands on the Western blots. Data
were presented as the mean ± S.D. Student’s t-test was used
to calculate P-values. Statistical significance is displayed as
*p < 0.05, **p < 0.01, ***p < 0.001. Evolutionary analysis
was previously described in detail elsewhere [48–50].
Briefly, protein sequences were aligned using the MUSCLE
program [51]. The phylogenetic tree was reconstructed by
the maximum-likelihood and Bayesian methods using
PHYML [52] and MRBAYES [53] programs, respectively.
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