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Mitochondria are highly dynamic cellular organelles that
continuously undergo fission and fusion.' This dynamic
nature plays a key role in regulating mitochondrial function,
and also gives mitochondria their hetero-
geneous morphology.”! Disruption of the
balance between mitochondrial fusion
and fission, especially a shift towards
fission, contributes to a variety of human
disorders, including neurodegenerative
disease, metabolic disease, and ischemia.?! N
In addition, fragmented mitochondria are cl
early signs of activation of apoptosis,™

and fusion of mitochondria by genetic or

chemical manipulation has been shown to

have an anti-apoptotic effect.”! Thus, the M1
identification of small molecules that
modulate mitochondrial dynamics can
provide useful tools to study mitochon- 9
drial function and may ultimately lead to
new therapeutics. Here, we report the
identification and preliminary biological
characterization of the small molecule,
M1, which significantly restores the mito-
chondrial tubular network in response to
genetically or chemically induced frag-
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wild-type mouse embryonic fibroblasts (WT MEFs), which
mainly have interconnected tubular mitochondria, Mfnl
Knockout (KO) MEFs exhibit severely and uniformly frag-

WT Mfn1 KO

Mfn2 KO

Cl

mentation.

Mitochondrial fusion is a two-step
process in which the outer and inner
mitochondrial membranes (OMM and
IMM, respectively) fuse separately, but
in an ordered fashion.[”! The core compo-
nents of the mitochondrial fusion machi-
nery are the OMM proteins, mitofusin 1
and 2 (Mfnl and Mfn2), and the IMM
protein, optic atrophy 1 (Opal).”! Unlike
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Figure 1. M1 induces mitochondrial elongation. a) Chemical structure of M1. b) Confocal
microscopic analysis of mitochondria in WT, Mfn1 KO and Mfn2 KO MEFs. Cells were treated
with 0.1% DMSO control (top panels) or 5 um M1 (bottom panels) for 24 h, followed by
labeling with 500 nm Mito Tracker Green and imaging with a Leica 710 confocal microscope.
The white box depicts a higher magnification of the yellow boxed region. Scale bar: 10 um.

c) Percentage of cells with tubular mitochondria (>5 pum) in Mfn1 KO MEFs (left panel) and
Mfn2 KO MEFs (right panel) after incubation with different concentrations of M1 for 24 h.

mented mitochondria in the shapes of small spheres or very
short rods (less than 5pm).® Using the mitochondria-
selective fluorescent dye, Mito Tracker, we developed an
image-based high-throughput screen to monitor mitochon-
drial fusion (see Material and Methods section in the
Supporting Information). Approximately 75000 compounds
from several commercially available compound libraries,
including Maybridge, LOPAC and TOCO, were screened
for their ability to rescue mitochondrial fragmentation in
Mfnl KO MEFs; 17 compounds were confirmed to be active
in a dose-dependent manner (see Table S1 in the Supporting
Information). It is interesting to note that multiple hits
contain either a hydrazone or acylhydrazone moiety. Mfnl
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change of mitochondrial morphology in WT
MEF:s (Figure 1b). The mitochondrial elon-
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gation effects of M1 were further examined

, using transmission electron microscopy
S (TEM).'" Small spherical mitochondria (<
g 1 um length), but few tubular mitochondria

(>5 pum length), are found in Mfnl KO
_ MEFs. After treatment with M1, tubular
S mitochondria (>5 pm length) are readily
S observed (Figure S2a, quantified in Fig-
2 ureS2b). In addition, we also examined
2 the morphologies of the endoplasmic retic-

ula (ER) and lysosomes in Mfnl KO cells
after M1 treatment. Neither of these organ-
elles displayed obvious morphological
changes (Figure S3), suggesting that the
elongation effect of M1 is mitochondria
specific.

Mitochondrial elongation can result
from either increased fusion or decreased
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Figure 2. M1 increases mitochondrial connectivity and integrity. a) Mitochondrial network
connectivity in Mfn1 KO MEFs or Mfn2 KO MEFs. Cells transfected with mito-GFP were
treated with 0.1% DMSO control or 5 um M1 for 24 h before the FRAP assay at 37°C.
Defined 2x2 pum? regions of interest (ROI) were bleached with a 488 nm laser line and the
recovery of mito-GFP fluorescence was monitored over 30 cycles of imaging with about

0.5 s interval. The curve represents an average of 20 individual FRAP curves. b) Hela cells
were pre-incubated with 0.1% DMSO control or 5 um M1 for 24 h before treatment with 0,
0.25, 0.5, or 1 um staurosporine (ST) for 2 h. Cytosolic and mitochondrial fractions were
subjected to Western blot analysis for the detection of CytC using anti-CytC antibody.
GAPDH and COXI were used as loading controls for each fraction (upper panels). Cytosolic
CytC was quantified by calculating the percentage of cytosolic CytC band intensity over
mitochondrial plus cytosolic CytC band intensities after normalization with loading

controls. * p < 0.05. *** p <0.001.

and Mfn2 are highly homologous, and both are located in the
OMM. They possess both partially redundant and distinct
activities and act mainly as homotypic and heterotypic
complexes to promote mitochondrial fusion.”! 15 out of 17
active compounds also improved the mitochondrial fragmen-
tation phenotype in Mfn2 KO MEFs, indicating a more
general phenotypic association of these compounds rather
than an association with any specific gene.

The most active compound, hydrazone M1 (Figure 1a),
was chosen for further study. M1 dose-dependently induced
mitochondrial elongation in both Mfnl KO MEFs and Mfn2
KO MEFs (Figure 1b), with half maximal effective concen-
trations (ECs, values) of 5.3 and 4.42 um, respectively (Fig-
ure 1c¢). However, when Mfn1/2 double KO (DKO) or Opal
KO MEFs were treated with M1, no mitochondrial elongation
activity was observed (see Figure S1 in the Supporting
Information). This result suggests a requirement for basal
fusion activity for M1 to elongate mitochondria. Unlike
stress-induced mitochondrial hyperfusion, which shows dra-
matically elongated mitochondria, even in WT cells,"™ M1
appears to selectively affect cells with fragmented mitochon-
dria, as incubation with M1 did not lead to a significant
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these possibilities, we first evaluated fusion
activity by measuring mitochondrial con-
nectivity using a fluorescence recovery after
photobleaching (FRAP) assay.’™'?l Upon
treatment with M1, both Mfnl KO MEFs
and Mfn2 KO MEFs displayed faster recov-
eries of mitochondrial matrix-targeted
green fluorescent protein (mito-GFP) in
mitochondria disconnected from the net-
work, suggesting increased fusion of mito-
chondrial structures from the surrounding
unbleached area (Figure 2a). As expected,
in Mfn1/2 DKO MEFs and Opal KO MEFs,
which are deficient in fusion capacity, there
was no enhancement of fusion activity by
M1 (Figure S4). Next, we investigated the
effect of M1 on fission activity. Peroxisomes and mitochon-
dria use different proteins for fusion, but share key compo-
nents of the fission machinery, including Drpl, Fisl, and
Mf£.13! We therefore asked whether M1 affects peroxisomal
fission, but saw no obvious effects on the peroxisomal
morphology (Figure S5). Taken together, these results suggest
that M1 induces mitochondrial elongation by enhancing
fusion activity instead of inhibiting fission.

To further investigate the mechanism underlying the
effects of M1, we systematically assayed the expression of the
proteins and genes known to be involved in regulating
mitochondrial dynamics, including Mfn1, Mfn2, Opal, Drpl,
Fisl, PGC-1a, PGC-1B, PPAR-y, and ERRo!"¥ (Figure S6).
Surprisingly, we noted that steady-state levels of Mfnl were
significantly reduced in Mfn2 KO MEFs, raising the possi-
bility that M1 may rescue an Mfnl fusion deficiency in both
lines. Interestingly, we found that the o and 8 subunits of
mitochondrial adenosine triphosphate (ATP) synthase
(ATP5SA and ATPSB, respectively) are down-regulated in
Mifnl and Mfn2 KO MEFs. In the presence of M1, the levels
of both proteins return to those in WT MEFs (Figure 3a).
Moreover, overexpression of ATPSA, ATP5B, or both

www.angewandte.org

9303


http://www.angewandte.org

Angewandte

9304

Communications

WT Mfn1 KO Mfn2 KO

M1 -+ - - +

ATP5A [ — S —
ATP5B R —— — o—

B-Actin - - [ s

151 omso  EE mi

Vector ATP5A

(ATP5A/B) in Mfnl KO MEFs
with recombinant DNA repli-
cated the phenotype of M1 treat-
ment, with an increased percent-
age of cells showing intercon-
nected tubular mitochondria
(>5pum; Figure3b and Fig-
ure S7). Furthermore, inhibition
of ATPase by oligomycin signifi-
cantly blocked the mitochondrial
fusion activity of M1 in Mfnl KO
MEFs (Figure S8a, quantified in
Figure S8b). Treatment of WT
MEFs with oligomycin also
resulted in a profound mitochon-

| drial fragmentation phenotype
(Figure S9). These data suggest
that M1 promotes mitochondria
fusion by increasing the expres-
sion levels of ATP5SA/B. ATP5A/
B are the two major components
of the catalytic center of ATP
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Figure 3. M1 increases ATP5A/B protein levels. a) Western blot analysis of ATP5A and ATP5B in WT,
Mfn1 KO and Mfn2 KO MEFs after incubation with 0.1% DMSO control or 5 um M1 for 24 h. For

ATP5A/B synthase (mitochondrial com-
plex V). Although it has long
been speculated that ATPase

details see the Experimental Section. b) Confocal microscopic analysis of mitochondria in Mfn1 KO proteins play essential roles in
MEFs after overexpression of ATP5A or ATP5B or both. For details see the Experimental Section. The mitochondrial cristae formation
white box depicts a higher magnification of the yellow boxed region. Scale bar: 10 um. Quantification of  in yeast, their involvement in
the percentage of cells that showed tubular mitochondria (>5 um). More than 100 cells per group were dynamic regulation is not

evaluated (lower pannel, ** p <0.01; *** p <0.001)
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Figure 4. M1 protects SH-SY5Y cells from MPP" induced mitochondrial fragmentation
and cell death. a) Confocal microscopic analysis of mitochondria in SH-SY5Y after Mito
Tracker Green fluorescence labeling. SH-SY5Y cells were pre-treated with 0.1% DMSO
control (top middle panel) or 5 um M1 (top right panel) for 24 h followed by 4 h
treatment with 125 um MPP*. Scale bar: 10 um. b) Cellular survival was measured by the
MTT assay. SH-SY5Y cells were treated with or without 125 um MPP™ in the presence or
absence of 5 um M1 and 1 M Z-VAD-FMK (** p < 0.01. **%p < 0.001).

www.angewandte.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

clear.™ Our results support an

important role for these proteins
in mitochondria dynamics. Recently, mito-
chondrial fragmentation and dysfunction
have been reported in patient fibroblasts
carrying a mitochondrial complex V deficient
mutation,'® which is consistent with our
findings.

Aberrations in mitochondrial dynamics
are associated with various human diseases.
For example, 1-methyl-4-phenyl-pyridinium
(MPP +) associated neuronal toxicity is impli-
cated in Parkinson’s disease (PD) pathogene-
sis and suggested to involve mitochondrial
fragmentation and dysfunction.'”? We there-
fore investigated the ability of M1 to prevent
MPP + induced cytotoxicity of dopaminergic
SH-SYS5Y neuroblastoma cells, a widely used
in vitro model for PD. Treatment with M1
significantly inhibited MPP + induced mito-
chondrial fragmentation, as evidenced by
elongated mitochondrial structures compared
to dimethyl sulfoxide (DMSO) control (Fig-
ure 4a), and resulted in a higher neuronal
survival rate (Figure 4b). When combined
with the pan caspase inhibitor Z-VAD-FMK
at a relatively low concentration (1 um), M1
showed a synergistic effect in protecting SH-
SYSY cells from cell death (Figure 4b). More-
over, when treated with the apoptosis inducer
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staurosporine (ST), M1 pre-treated cells showed significantly
decreased Cyt C release and a higher survival rate (Figure 2b
and Figure S10), consistent with reduced mitochondrial
fragmentation and release of CytC into the cytosol, a key
step in caspase activation and the initiation of apoptosis.**!®!
These data suggest that M1, by itself or in combination with
other protective agents, improves cell survival through
increased mitochondria fusion.

In conclusion, we have identified a small molecule from
a phenotypic image-based screen that promotes the fusion of
fragmented mitochondria and protects cells from mitochon-
drial fragmentation associated cell death. Further investiga-
tion is required to decipher the molecular mechanisms by
which M1 regulates ATPSA/B protein levels and mitochon-
dria fusion/fission dynamics. This work may ultimately lead to
a new approach to the treatment of diseases associated with
mitochondrial dysfunction.

Experimental Section

For the Western blot analysis (see Figure 3a) f-actin was used as
a loading control (upper panel). Quantification of each band was
determined using Imagel] software. ATPSA and ATP5B band
intensities were normalized by B-actin controls (lower panel, * p <
0.05; ** p <0.01; *** p <0.001).

For the confocal microscopic analysis (see Figure 3b) of mito-
chondria the Mfnl KO MEFs were co-transfected with empty vector
(pcDNA) +mito-GFP  (9:1) or pcDNA + ATPSA + mito-GFP
(45:45:1), or pcDNA + ATP5B + mito-GFP  (4.5:4.5:1) or
ATP5SA + ATP5B + mito-GFP (4.5:4.5:1). 48h after transfection,
the cells were fixed and GFP-mitochondria were imaged using
a Leica 710 confocal microscope (upper panel).
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