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eLife Assessment

In this work, the authors demonstrated that blue light mediated mitochondrial contacts
attenuated blue light induced mitochondrial dysfunction, and validated this in human
cells and C. elegans. This valuable work has the potential to provide novel perspectives
into the field of mitochondrial biology but the supporting data are incomplete.

https://doi.org/10.7554/eLife.110524.1.sa2

Abstract

Mitochondrial membrane potential (MMP) is essential for mitochondrial functions, yet current
methods for modulating MMP lack precise spatial and temporal control. Here, we present an
optogenetic system that enables reversible formation of inter-mitochondrial contacts (mito-
contacts) with high spatiotemporal precision. Blue light stimulation induces rapid formation of
mito-contacts, which fully dissipate upon cessation of illumination. These light-induced mito-
contacts can enhance MMP, leading to increased ATP production under stress conditions.
Moreover, in human retinal cells and C. elegans, high MMP induced by mito-contacts alleviates the
deleterious effects of prolonged blue light exposure, restoring energy metabolism and extending
organismal lifespan. This optogenetic approach provides a powerful tool for modulating MMP and
offers potential therapeutic applications for diseases linked to mitochondrial dysfunction.

Introduction

Mitochondria, often referred to as the ‘powerhouse of the cell’, are essential organelles responsible
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The mitochondrial membrane potential (MMP) provides the electrochemical proton gradient that
drives ATP synthesis, serving as an intermediate form of stored energy during oxidative
phosphorylation 82, Beyond its energetic role, MMP is also essential for maintaining
mitochondrial and cellular homeostasis through non-energetic functions, including ion transport,
protein import, and mitophagy =/, The dynamic spatial organization of mitochondria is also
important when doing these transportation works, forming interconnected networks that enable
mitochondria to exchange metabolites, buffer calcium fluctuations, and dynamically adapt to
cellular demands. The integrity of mitochondrial network depends on inter-organelle contact sites,
which facilitate communication between individual mitochondria and are essential for key

processes such as mitochondrial quality control, and homeostasis 15722,

However, stimulus and stressors, such as excessive reactive oxygen species, can disrupt
mitochondrial dynamics by promoting fragmentation, losing mitochondrial contacts, impairing
electron transport, and causing MMP depolarization and heterogeneity 222, Depolarization refers
to a reduction in the inner mitochondrial membrane potential, indicating a weakened proton
motive force and diminished ATP synthesis capacity. In contrast, heterogeneity describes
increased variability in MMP among mitochondria, reflecting spatial bioenergetic imbalance and
functional asymmetry within the mitochondrial network. Ischemia-reperfusion events frequently
trigger prolonged opening of the mitochondrial permeability transition pores, leading to abrupt
loss of MMP and widespread mitochondrial dysfunction 2%2”. Similarly, aging-related
accumulation of mitochondrial DNA damage and a decline in mitophagy efficiency lead to a
progressive decrease in MMP and increased heterogeneity, ultimately compromising
mitochondrial bioenergetics in aged tissues 22, Persistent MMP depolarization impairs ATP
production, disrupts calcium homeostasis, and increases susceptibility to apoptosis due to
compromised mitochondrial integrity and signaling 272 Moreover, elevated MMP heterogeneity
has been linked to inefficient oxidative phosphorylation and metabolic imbalance, contributing to
tissue dysfunction and disease progression 33722 The disruption or loss of MMP has been linked to
pathological conditions, including neurodegenerative disorders, metabolic syndromes, and
cardiovascular diseases, where impaired mitochondrial communication drives cellular

dysfunction 3643,

Since MMP is essential for mitochondrial functions, restoring MMP would be critical to maintain
energy supply for cells. Several classes of interventions have been developed to preserve or
restore MMP under stress conditions. One widely used approach targets the mitochondrial
permeability transition pore (mPTP), whose prolonged opening under pathological conditions—
such as ischemia-reperfusion injury—causes a sudden collapse of MMP 2. Uncoupling inhibitors
like cyclosporin A inhibit mPTP opening, thereby preventing catastrophic proton leakage and
membrane depolarization. However, their effects are context-dependent and limited to conditions
where mPTP activation is a primary driver of MMP loss. A second strategy involves mitochondria-
targeted antioxidants, such as MitoQ, which aim to neutralize excessive reactive oxygen species
(ROS) within mitochondria %%, ROS accumulation is a major contributor to electron transport chain
(ETC) dysfunction and MMP instability. Nonetheless, their efficacy can be compromised by uneven
ROS distribution or irreversible oxidative damage, and systemic delivery often leads to off-target
effects. A third approach employs metabolic regulators, including nicotinamide riboside (NR) and
coenzyme Q10, which boost cellular NAD levels or improve ETC substrate availability %>%°. These
agents enhance mitochondrial respiration and indirectly stabilize MMP. Yet, they do not act on the
membrane potential directly and are limited by variable cellular uptake, short half-lives, and the
inability to restore MMP when structural mitochondrial damage is present. Collectively, these
pharmacological interventions offer partial and often transient support for mitochondrial
function. Most lack spatial specificity, act systemically, and fail to correct underlying structural
defects, such as the fragmentation of the mitochondrial network or the loss of inter-mitochondrial
contacts that are essential for coordinated bioenergetic responses.

Meanwhile, mitochondria experience a range of cellular stresses. With the widespread integration
of blue light—a predominant component of light-emitting diodes (LEDs)—into modern life, human
exposure to high-energy light has significantly increased, raising concerns about new forms of
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cellular damage. Indeed, excessive exposure to blue light can cause mitochondrial damage,
contributing to serious ocular disorders 47720, At the subcellular level, blue light exposure has
been shown to disrupt mitochondrial morphology, compromise functional integrity, and reduce
MMP 222122, Therefore, an efficient way to restore MMP would benefit mitochondrial functions

upon blue-light damage.

In this study, we present a protein-based optogenetic system applicable to both in vitro and in vivo
settings that enables precise and reversible induction of inter-mitochondrial contacts—hereafter
referred to as mito-contacts that enhance mitochondrial function, particularly under light-induced
stress. The light-induced mito-contacts help maintain high local MMP to support ATP production,
thereby preserving mitochondrial activity during prolonged blue light exposure. As the system is
activated exclusively by blue light, it provides an in situ strategy to mitigate blue light-induced
mitochondrial damage. This approach offers valuable potential for both fundamental studies and
therapeutic interventions in ophthalmic and other mitochondrial dysfunction-related diseases.

Results

Optogenetic system induces mito-contacts to increase MMP

Inspired by previous studies indicating that nanoscale proximity of a charged membrane or
protein condensate to a membrane amplifies the local membrane potential 22222, we used an
optogenetic system, CRY2PHR-mCherry-Miro1TM (Figure 1a(®), to bring mitochondrial
membranes into close contact by light in living cells. The photolyase homology region of
cryptochrome (CRY2PHR) 22 was anchored to the outer mitochondrial membrane via the
mitochondria-targeting transmembrane domain of Miro1 (Miro1TM) 2. Upon blue light
stimulation (300 uW/cm?), CRY2PHR undergoes homo-oligomerization, which brings their bound
mitochondria to proximity to form mito-contacts. During this process, the sites of CRY2PHR
oligomerization exhibit higher fluorescent signals at light-induced contact sites. As observed

delineated mitochondrial morphology but subsequently formed puncta upon light-activation in
less than 5 min (Figure S2@).

To better visualize the change of mitochondria before and after optogenetic stimulation, living
HeLa cells expressing CRY2PHR-mCherry-Miro1TM were subsequently stained with either
MitoTracker™ Deep Red (MTDR) or MitoTracker ™™ Green (MTG) before and after 20 minutes of

morphology of mitochondria (labeled by MTDR), we found various types of mitochondrial contacts
(Figure 1f3, 1g @), such as head-to-head, side-by-side, and head-to-side.

To further characterize the local membrane potential at the mito-contact area, we stained
mitochondria with MMP probe Rhodamine 123 (green) and used its average intensity to
benchmark MMP at the mito-contract area (Figure 1h ). We designed a program to locate light-

induced oligomers by distinguishing red puncta from background, circle the peripheral area of the
puncta with a diameter of 20 pixels (0.65 um), enclosing the mito-contact site (Figure Th@ and

mean fluorescence intensity across these sites was used to represent the MMP of the mito-contact
area. Figure 1i@ shows the higher MMP at mito-contact area compared to the background.
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Figure 1. Optogenetic system induces mito-contacts to increase MMP

(a) Schematic representation of the blue light induced mitochondrial contacts. The light-sensitive proteins CRY2PHR were
anchored to mitochondria via the specific organelle-targeting transmembrane domain Miro1TM. Under blue light
illumination, the CRY2PHR interacted with each other to form mito-contact. Meanwhile, the fluorescent protein mCherry
served as a marker of the plasmid’s expression. (b) Representative SIM images of living HeLa cells expressing CRY2PHR-
mCherry-Miro1TM and stained with MitoTracker™ Green (MTG). The left one was incubated in the dark condition and the
right one was under blue light exposure with the power density of 300 pW/cm2 for 20 min. (c) The percentage contact ratio of
mitochondria from SIM images of HeLa cells corresponding to (b). Data are given as M = SEM (n = 10). (d) Representative TEM
images of HelLa cells expressing CRY2PHR-mCherry-Miro1TM. The left one was incubated in the dark condition and the right
one was under blue light exposure with the power density of 300 pW/cm? for 20 min. (e) The percentage contact ratio of
mitochondria from the TEM images of HelLa corresponding to (d). Data are given as M + SEM (n = 10). (f) Representative SIM
images of a living HeLa cell expressing CRY2PHR-mCherry-Miro1TM and staining MitoTracker™ Deep Red FM (MTDR) with
blue light exposure at 300 pW/cm? for 20 min. (g) The zoom in images of different mito-contact area from (f). The red dots
were light induced CRY2PHR aggregate. (h) Representative SIM images of transfected + 20 min light exposed Hela cells
staining with Rhodamine 123 to reveal real-time mitochondial membrane potatioal (MMP) in a live cell and the zoom in
images are mito-contact area. (i) Relative MMP between whole cells and mito-contact area (CRY2PHR aggerate dots enriched
area) corresponding to (h). Data are given as M + SEM (n = 10). Statistical differences between the experimental groups were
analyzed using a double-tailed Student’s t test. All P values less than 0.05 were considered to indicate statistical significance.
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Additionally, to assess the reversibility of the optogenetic system, immediately following blue light
stimulation, cells were incubated in darkness for 24 hours and subsequently re-imaged. We
observed that most contacted mitochondria separated after incubation in the dark, indicating the
reversible control of mito-contacts (Figure S5C2). When half of a culture dish was covered with
aluminum foil during blue light exposure; only the uncovered half resulted in enhanced mito-
contacts, demonstrating spatial control (Figure S6 &3). Meanwhile, cells transfected with CRY2PHR-
mCherry-Mito1TM under darkness, or non-transfected cells under light illumination, do not show
increased mito-contacts to non-transfected cells (Figures S7 @, S8 @). These results confirmed that
both blue light and photoactivatable proteins are essential for enhancing mitochondrial
interconnection. Furthermore, optogenetically induced mito-contacts were also observed in

Michigan Cancer Foundation-7 (MCF-7) cells and neonatal human dermal fibroblasts (HDFn)

reversibly induce mito-contacts to increase local MMP, consistent with prior findings that close
apposition of charged membranes or proteins can markedly enhance membrane potential 2225,

Mito-contacts increase local MMP to support ATP production upon
blue-light damage

To investigate whether optogenetically induced mito-contacts with increased local MMP affect
cellular functions, cells were categorized into four groups based on different treatment conditions,
transfected (with CRY2PHR-mCherry-Miro1TM) in the dark, and transfected under light exposure.
We then treated cells with continuous blue light for 3 hours - a condition that began to induce

blue light for 3 hours exhibited significant fragmentation in non-transfected cells, characterized by
an increased number of rounded mitochondria and reduced mitochondrial interactions, both
indicative of mitochondrial damage. In contrast, transfected cells showed increased contact ratio
under the same light treatment (Figure 2c ).

Long-time blue LED light exposure causes mitochondrial depolarization 22, but mito-contacts can

maintain relatively high MMP levels at the mito-contact area (Figures 2d (%, 2e (% ). Damaged cells,
particularly those with impaired mitochondria, produce less energy yet require more energy for
repair than under normal conditions 27:28, Since MMP drives ATP synthesis by providing the

electrochemical proton gradient 2329, we quantified ATP production to assess whether locally high

exposed to blue light exhibited a significant reduction in ATP production, confirming
mitochondrial impairment. In contrast, cells expressing the optogenetic system showed enhanced
ATP production above the basal level - likely reflecting increased energy demands. These findings
suggest that mito-contacts increase MMP to boost ATP production and support the recovery of
damaged mitochondria.

As mitochondrial fusion is known to support mitochondrial function %%, we conducted a detailed

analysis of mitochondrial morphology using SIM imaging. No significant changes in the size of
mitochondria were found following optogenetic mito-contact induction (Figure 2g @). Instead, the

system linked fragmented mitochondria into an extensive network, thereby increasing the
number of contact sites among them (Figure S11@).

To understand the transcriptional regulation of optogenetically induced mito-contacts, we
performed RNA-sequencing (RNA-seq) on the four experimental groups: control in the dark,
control with 3-hour light treatment, transfected in the dark, and transfected with 3-hour light
hour light treatment with dark conditions. The transfected group has 163 DEGs (133
downregulated and 30 upregulated), whereas the non-transfected control group exhibited 540
DEGs (401 downregulated and 139 upregulated). Among the 540 DEGs regulated by blue light,
there were 459 unique to the non-transfected group (335 downregulated and 124 upregulated;
Figure 2i(@). The blue light-specific upregulated DEGs were mainly associated with inflammatory

signaling pathways (e.g., TNF-a, MAPK, and NF-kB signaling) and lipid and atherosclerosis
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Figure 2. Mito-contacts increase local MMP to support ATP production upon blue-light damage

(a) Schematic representation of four groups of treatment for HeLa cells. (b) Representative SIM images of living HeLa cells
exposed under blue light of 300 pW/cm2 for 3 h. The left one was from the control group and the right one was from the
transfected group. (c) The percentage contact ratio of mitochondria from SIM images of HeLa cells corresponding (b). Data
are given as M + SEM (n = 10). (d) Representative SIM images of transfected + 3 h light exposed HelLa cells staining with
Rhodamine 123 to reveal real-time MMP in a live cell and the zoom in images are mito-contact area. (e) Relative MMP
between whole cells and mito-contact area (CRY2PHR aggerate dots enriched area) corresponding to (d). Data are given as M
+ SEM (n = 10). (f) The ATP production of HeLa cells with different treatments. Data are given as M + SEM (n = 3). (g)
Quantitative analysis of mitochondrial morphology in (b). Data are given as M + SEM (n = 10). (h) The differential gene
expression between dark and 3h light treated cells from RNA-sequence data of all four groups Hela cells. The left one was
Control groups (light vs dark), mapping the 139 upregulated genes (red) and 401 downregulated genes (blue); the right one
was Transfected groups (light vs dark), mapping the 30 upregulated genes (red) and 133 downregulated genes (blue). (i) The
blue light-specific regulated DEGs and related pathways. (j) Schematic representation of mito-contact maintaining functions.
Statistical differences between the experimental groups were analyzed using a double-tailed Student's t test. All P values less
than 0.05 were considered to indicate statistical significance.
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signaling. In contrast, the downregulated DEGs are linked to gap junction channels, neural plate
development, cell migration, and cellular responses to UV exposure. These results suggest that
optogenetically induced mito-contacts protect cells from blue light-induced inflammation and
cellular remodeling. Mitochondrial genes were then screened from the whole cell genes (Figure
S12a(@). Long-time blue light exposure caused significant downregulation of several

mitochondrial genes, including PET100, SDHAF4, HOGA1. PET100 is located on the mitochondrial
inner membrane, exposed to the intermembrane space, and plays an essential role in

matrix and contribute to complex I assembly and metabolism 02762, Notably, in the transfected
group, these genes were not significantly downregulated. Besides, we further performed pre-
ranked mitochondrial gene expression and annotated their functions using Gene Ontology (GO)
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Only the
Control group showed significant changes in gene sets in both analyses (Fig
on these results, blue light exposure likely disrupts the mitochondrial respiratory chain—the
process responsible for ATP production—while mito-contacts help mitigate this effect. This finding

explains the reduced ATP levels observed in light-damaged cells and the increased ATP levels in

related terms in the control group but none in the transfected group, suggesting that the mito-
contact system may minimize abnormal cellular changes and reduce the risk of light-induced
damage or associated diseases. These results inspire a proposed model that mito-contacts facilitate
the reintegration of individual mitochondria into the mitochondrial network (Figure 2j2), thereby

restoring local MMP and enhancing ATP production following light-induced damage.

Mito-contacts preserve MMP for mitochondrial functions upon
long-time blue-light eye damage

Considering that the eyes and skin are commonly exposed to natural or artificial blue light
throughout the day, the exposure duration for the damage model was extended from hours to a
full day 62,96, we applied the optogenetic mito-contact system to severely damaged human retinal
cells (ARPE-19) caused by prolonged low-intensity blue light exposure %7, After 24 hours of blue
light exposure, the viability of ARPE-19 cells drops below 50%, underscoring the substantial

long time exposure induced morphological changes in mitochondria within human retinal cells,
transforming them from elongated shapes into fragmented, granular forms—hallmarks of
mitochondrial damage. In contrast, cells expressing the optogenetic system exhibited networked
mitochondrial structures (Figure 3b (@), further confirming that the system effectively induces

mito-contacts under various conditions and consistently increases the contact ratio to
approximately 90%.

MMP analysis shows that the mito-contact area consistently exhibited significantly higher
fluorescence compared with the background (Figure 3c(@). Specifically, the fluorescence intensity
). Functional analysis

isolated mitochondria under damaged conditions. These findings suggest that the optogenetic
mito-contact system can safeguard mitochondrial function following severe light-induced damage
in vitro.

Mito-contact system extends lifespan of C. elegans under constant
blue-light exposure

To explore the influence of mitochondrial condensation in vivo, we applied our optogenetic mito-
contact system to C. elegans (Figure 4a (%). When subjected to prolonged blue light exposure, the

Wang, Qiu, Zou et al., 2026 eLife 15:RP110524. https://doi.org/10.7554/eLife.110524.1 7 of 23


https://doi.org/10.7554/eLife.110524.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/structural-biology-molecular-biophysics

= eLife

Structural Biology and Molecular Biophysics

MTDR MTDR
10 pm

b c
<0.0001
:

N
S

Rhodamine 123

©
S

CRY2PHR-mCherry-Miro1TM

a
Control Transfected
MTDR MTDR CRY2PHR-mCherry-Miro1TM Merged
=
B
©
a
10 pm

CRY2PHR-mCherry-Miro1TM

Mito-contact area

- P
&£
2
®
g " ° o
-
o
8
£ 30 H
S
(5]
0
+
Transfection -
3
s
2
]
% o,
2
£
g
s
8
]
2
o o o
2
<
]
g
- c
O
‘a
<@ 1um
- . f g h
Control + Transfection + Maximal respiration Reserve capacity
OligomycinA _FCCP__ Rotenone & Antimycin A 5x10°
200 160 P=0.0038 120 | P=00087
= g P=0.0078 5 410 s
€ 150 = £ 3 ST \
E ] E T g 3x10°
: § H 35 | m
§ 100 S g 28
= NS « & &3 2x10%q
I - o b=t a® |
Q — e} I3 EE
o 50 — 8 <E 1x10%4
] = ‘
. ol NN B
0 20 40 60 80 &
Time (min) Transfecton - - + + Transfection - - + + Transfection

Figure 3. Mito-contacts preserve MMP for mitochondrial functions upon long-time blue-light eye damage

(a) Representative SIM images of living human retinal cells (ARPE-19) before and after exposed to blue light of 300 pw/cm?
for 24 h with or within the transfection of CRY2PHR-mCherry-Miro1TM. Mitochondria stained with MTDR. (b) The percentage
of mitochondria contact ratio corresponding to (a). Data are given as M + SEM (n = 5). (c) Representative SIM images of
transfected + 24 h light exposed ARPE-19 cells staining with Rhodamine 123 to reveal real-time MMP in a live cell and the
zoom in images are mito-contact area. (d) Relative MMP between whole cells and mito-contact area (CRY2PHR aggerate dots
enriched area) corresponding to (c). Data are given as M + SEM (n = 10). (e) The real time OCR curves of ARPE-19 cells
expressing CRY2PHR-mCherry-Miro1TM in mitochondria stress test. The OCR measured before the addition of oligomycin A
represents the basal respiration of the cells; the OCR measured after the injection of FCCP reflects the maximal mitochondrial
respiration capacity; and the OCR measured after the injection of rotenone and antimycin A represents non-mitochondrial
respiration. Data are given as M + SEM (n = 3). (f) The OCR of maximum respiration (i.e., cells’ maximum achievable
respiration rate) of ARPE-19 cells after different treatments. (g) The OCR of the reserve capacity (i.e., the capability of the cell
to respond to an energetic demand) of ARPE-19 cells after different treatments. (h) The ATP production of ARPE-19 cells after
24 h light exposure. Data are given as M + SEM (n = 3). Statistical differences between the experimental groups were analyzed
using a double-tailed Student’s t test. All P values less than 0.05 were considered to indicate statistical significance.
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mitochondrial dysfunction 98,52, However, the optogenetic system successfully reconnected these

functional and effective in vivo.

Lifespan is intricately tied to the maintenance of mitochondrial quality control --. Building on this
finding, we subsequently investigated the effects of mito-contacts on the lifespan of C. elegans
when they were long-term exposed under blue light. The constant blue light treatment was
initiated on Day 1 of adulthood and continued until death. Compared with the untreated control
group, animals exposed to blue light exhibited significantly reduced lifespans (Figure 4d (2).

Importantly, no significant differences were observed between the untreated control and
untreated transgenic worms (Figure 4e 2 ). However, transgenic worms subjected to blue light

generated by the optogenetic system plays a protective role by mitigating the detrimental effects of
blue light exposure, thereby contributing to lifespan extension in damaged organisms.

Discussion

In this study, we reported an optogenetic mito-contact system to increase local MMP. The light-
induced mito-contacts foster synergistic interactions among mitochondria, thereby enhancing
mitochondrial functions upon blue-light damage. These findings suggest that a mitochondrial
membrane contact network could enhance MMP and function as a compensatory mechanism to
enhance mitochondrial resilience under environmental stress.

Unlike previous studies that primarily focused on mitochondrial fusion and fission dynamics, our
approach highlights an alternative mode of mitochondrial reorganization—mito-conatct—without
altering the structure of individual mitochondria. Since not all cells are at the same stage,
excessive fusion or fission may benefit abnormal cells while disrupting normal ones. In contrast,
increasing mito-contacts does not interfere with cellular activity in normal cells, while supporting
damaged mitochondria in restoring their functions (Figures 2%, 3(%). At the subcellular level,
individual mitochondria get damaged rapidly due to losing inter-mitochondrial connection and
formation of heterogeneity, leading to functional destabilization and a sharp decline in ATP
production. Mito-contacts rebuild the network, which benefits mitochondrial transporting
electrical signal and exchanging contents. This mechanism helps maintain a local homeostasis and
contributes to mitochondrial function. Additionally, high MMP could prevent mitochondrial
contents leaking into the cytoplasm, reduces cellular stress and preserves a stable intracellular
environment.

On the technical development side, this optogenetic system works only under blue light
irradiation, it provides an in situ strategy for mitigating mitochondrial damage induced by blue
light exposure. Light induced damage with longer exposure times (> 1.5 h) and lower irradiance (<
1 mW/cm?) was known as Class I or Noell damage which mainly affects photoreceptors, although
damage to the retinal pigment epithelium (RPE) can occur with prolonged exposure (> 8 days) ez,
In our study, we designed low-intensity blue light exposure (300 uW/cm?) across varying durations
—ranging from hours to a day and even beyond a month—to simulate different levels of damage
and assess the compatibility of the optogenetic system both in vitro and in vivo. At the cellular
level, long-term blue light exposure is known to induce mitochondrial fragmentation and
dysfunction, leading to oxidative stress and impaired energy metabolism /.. We further confirm
that prolonged blue light exposure induces mitochondrial fragmentation and reduces ATP
production in retinal cells, as well as shortens the lifespan of C. elegans, highlighting the
detrimental effects of light-induced damage. Conventional treatments for radiation-induced
oxidative stress, such as antioxidants, primarily alleviate symptoms but do not significantly
improve mitochondrial function /213, Here, mitochondria undergoing optogenetic mito-contact
maintained MMP, provided higher ATP production (Figures 2f(2, 3h @) and extended the lifespan
of C. elegans exposed to blue light (Fi (2). These findings suggest that mito-contacts hold
therapeutic potential for mitigating the effects of prolonged blue light exposure. Again, since the

optogenetic system is activated exclusively by blue light, it provides an in situ protective
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Figure 4. Mito-contact system extends lifespan of C. elegans under constant blue-light exposure

(a) The fluorescent image of C. elegans with the transgenic array containing CRY2PHR-mCherry-Miro1TM. (b) The fluorescent
image of C. elegans stained with MTG and exposed to blue light. (c) The fluorescent images of C. elegans with the transgenic
array containing CRY2PHR-mCherry-Miro1TM, stained MTG and exposed to blue light. (d) Survival curves of control animals
(n = 60) with or without exposure to blue light. (e) Survival curves of animals (n = 60) with or without the CRY2PHR-mCherry-
Miro1TM transgenic array. (f) Survival curves of animals (n = 60) exposed to blue light with or without the CRY2PHR-mCherry-
Miro1TM transgenic array.
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mechanism specifically against light-induced damage, addressing a previously unmet need.
Moreover, our findings demonstrate the inter-mitochondrial connection enables cells to harness
protective benefits from their dysfunctional mitochondria. It is possible that the optogenetically
induced mito-contacts resemble those observed in cardiac muscle cells, where clustered
mitochondria exhibit coordinated behaviors and functional coupling .-.>".".

In conclusion, this optogenetic membrane contact system provides an innovative strategy to study
mitochondrial dynamics, offering the advantages of reversibility and precise spatiotemporal
control. Additionally, it could also hold promise as a potential therapeutic strategy for
ophthalmological, neurodegenerative, and metabolic diseases, which are often associated with
mitochondrial fragmentation and energy deficits. For example, modulating membrane contacts
between mitochondria and lysosomes has been shown to restore mitochondrial function in cells
deficient in mitochondrial fission 228!, while dynamically regulating membrane contacts between
lipid droplets (LDs) and mitochondria can limit lipid transfer from LDs to mitochondria under
starvation conditions, thereby offering therapeutic advantages in cancer treatment 8z,

Methods

Materials

MitoTracker™ Green FM (MTG, #M7514) and MitoTracker ™ Deep Red FM (MTDR, #M22426) were
obtained from Invitrogen (Thermo Fisher Scientific, USA). Penicillin-streptomycin (#15140163,
10,000 units/mL), fetal bovine serum (FBS, #26140079), DMEM (#11965092), DMEM/F-12
(#11320082) and geneticinTM selective antibiotic (#10131035) were all obtained from Gibco
(Thermo Fisher Scientific, USA). Phosphate-buffered saline (PBS, #SH30256.01) was sourced from
Hyclone (GE Healthcare Life Sciences, USA). CRY2PHR-mCherry-Miro1TM (Addgene plasmid,
#102247) was a gift from Bianxiao Cui. TurboFect™ Transfection Reagent (#R0532), Invitrogen™
ATP Determination Kit (#A22066) and Rhodamine 123 (#R302) were purchased from Thermo
Scientific (Thermo Fisher Scientific, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
(Dojindo Molecular Technologies, Inc., Japan).

Cell Culture and Transfection

The HeLa cell line, MCF-7 cell line, and HDFn cell line were cultured in DMEM supplemented with
10% FBS and 100 units/mL of penicillin-streptomycin. ARPE-19 cell line (arising retinal pigment
epithelia, #CRL-2302, ATCC), were cultured in DMEM/F-12 supplemented with 10% FBS and 100
units/mL of penicillin-streptomycin. The cell cultures were maintained at 37 °C in a 5% CO2 cell
incubator (Thermo Fisher Scientific, USA) with 100% humidity. Transfection was carried out
utilizing TurboFectTM Transfection Reagent following the instructions provided by the
manufacturer. We suggest using 2 ug CRY2PHR-mCherry-Miro1TM with 6 uL of TurboFect for 35
mm dish. The mixtures of DNA and transfection reagent were added dropwise to the cell cultures
and incubated for 6 hours. After the incubation period, cell cultures were replenished with
complete culture medium. To select the expressed cells, geneticinTM selective antibiotic at 500
ng/mL was treated with transfected cells.

Cell Imaging

Nikon Structured Illumination Microscopy (N-SIM, Nikon Corporation, Japan), a super-resolution
microscope system was applied for live cell imaging in this study. The microscope was equipped
with an Apochromat 100%/1.49 numerical aperture oil-immersion objective lens and solid-state
lasers with wavelengths of 488 nm, 561 nm, and 640 nm. The output powers at the fiber end were
set to 15 mW for each laser. The images were captured using Nikon NIS-Elements software,
specifically the 512 x 512 resolution setting. Z-stacks were acquired with a step size of 0.2 um. The
raw images were then reconstructed and processed using NIS-Elements AR Analysis software
(version AR5.11.00 64bit). The green channel images, which correspond to the emission bandwidth
of 500-550 nm, were obtained by exciting the samples with a 488 nm laser specifically for MTG.
The red channel images, which encompassed the emission bandwidth of 570-640 nm, were
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obtained by exciting samples with a 561 nm laser for mCherry. Additionally, the deep red channel
images, covering the emission bandwidth of 660-735 nm, were captured by exciting samples with a
640 nm laser specifically for MTDR. Cells were seeded onto glass-bottomed culture dishes (MatTek;
P35G-1.5-14-C) and allowed to adhere for 24 hours. Subsequently, staining with commercial dyes
was conducted for a duration of 30 min. Both MTG and MTDR were prepared as 1 mM stock
solutions in DMSO and diluted in complete culture medium to a final concentration of 50 nM for
live-cell staining. Before imaging, the cells were washed three times with PBS. During illumination,
a self-made blue light LED array with an intensity of 300 uW/cm2 was employed. The subsequent
analysis of the imaging data was carried out using Image]J software.

The TEM images of cell slices were collected using a transmission electron microscopy (Hitachi HT-
7800) with 80 kV.

Mitochondria Contact Ratio Quantification

Taking images of MTG or MTDR labeled mitochondria with SIM, Image] was then used to calculate
the contacted area of CRY2PHR puncta or the distance between mitochondria. Based on the area or
distance, the mitochondria were classified as either non-contact or contact. Contact ratio refers to
the number of contact mitochondria by the total number of mitochondria.

Toxicity Test

The CCK-8 assay was used to assess cell viability following blue light exposure. A cell suspension
(100 pL, containing 1,000 cells/well) was dispensed into a 96-well plate. After a 24-hour pre-
incubation, the entire plate was irradiated with blue light for a specified duration, with the control
group covered with aluminum foil. Subsequently, 10 puL of CCK-8 solution was added to each well,
and the plate was incubated for an additional 1 hour. Absorbance at 450 nm was measured to
determine cell viability.

Mitochondrial Morphology Quantification

Mitochondria were labeled with MTG or MTDR. After acquiring images using SIM, fluorescent
images were imported into Image]. The image type was converted to 8-bit, and the threshold was
auto adjusted. The area, shape descriptors, and threshold settings were refined using the “Set
Measurements” function. Quantitative results were obtained through the “Analyze Particles”
function. The “Aspect Ratio (AR)” value, calculated as the ratio of length to width (L/W), was
recorded. Mitochondrial morphology was categorized into four groups based on AR values:
Hyperfused (AR > 5.0), Tubular (2.0 < AR < 5.0), Intermediate (1.5 < AR < 2.0), and Round (1.0 < AR <
1.5).

Oxygen Consumption (OCR) Rate Assay

To assess the mitochondrial OXPHOS function in the presence of blue light exposure, the OCR of
cells expressing CRY2PHR-mCherry-Miro1TM was measured using a Seahorse XFe-96 Analyzer
(Agilent Technologies, USA). The OCR measurements were conducted in real time. Cells were
divided into two groups: one group for blue light illumination and another group kept in the dark.
Additionally, cells expressing CRY2PHR-mCherry-Miro1TM were also divided into two groups: one
group for blue light illumination and another group kept in the dark. These cells were seeded into
XFe-96 cell culture plates (Agilent Technologies, USA) at a density of 0.8 x 104 cells per well, using
DMEM supplemented with 10% FBS. After a 48-hour incubation period, the culture medium was
aspirated and replaced with pre-warmed unbuffered “Seahorse medium” (XF DMEM) at a pH of
7.4. The Seahorse medium was supplemented with 1 mM sodium pyruvate, 10 mM glucose, and 2
mM L-glutamine. Prior to the measurement, one group of cells and one group of cells expressing
the plasmid were subjected to blue light exposure at an intensity of 300 pW/cm?. Subsequently, the
OCRs of the cells were evaluated using the XF Cell Mito Stress Test Kit (Agilent Technologies, USA),
following the instructions provided by the manufacturer. In certain cases, the cells were subjected
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to treatment with specific compounds from Agilent Technologies, including 1 uM oligomycin A (an
electron transport inhibitor), 2 yM FCCP (an electron chain transport accelerator), and 500 nM
rotenone (a complex I inhibitor) with 1 uM antimycin A (a complex III inhibitor).

ATP Quantification Assay

ATP quantification was performed using the Invitrogen™ ATP Determination Kit. Two
experimental groups, each consisting of three independent samples, were prepared: control (not
transfected) group and transfected (CRY2PHR-mCherry-Miro1TM) group. Cells were seeded
overnight into Costar 96-well plates (Corning, USA) for adherence. Transfection was then
performed for transfected group, followed by a 24-hour incubation for plasmid expression. After a
certain time of blue light exposure, the samples were harvested and processed according to the
manufacturer’s protocol of the ATP Determination Kit. Luminescence was measured using a
microplate reader (BioTek Instruments, Inc., USA).

Mitochondria Membrane Potential

Rhodamine 123, a cell-permeant, cationic, green-fluorescent dye, was used to stain mitochondria
in living cells, with fluorescence changes dependent on the membrane potential. Rhodamine 123
was added to the cell samples to achieve a final concentration of 1 uM, and staining was carried
out for 30 minutes. The cells were then washed three times with PBS. Images were captured using
SIM.

Mito-contact Sites Identification and MMP Calculation

A custom image analysis algorithm was developed for study light induced mito-contact sites. The
process begins by automatically detecting protein aggregates as distinct red puncta in the red
fluorescence channel, accomplished by applying a high-percentile intensity threshold to identify
the brightest local maxima. Following detection, a circular region of interest with a 10-pixel radius
is defined around the center of each punctum, designated as the “mito-contact site.” To ensure the
analysis is restricted to mitochondria, a binary mask is generated from the corresponding green
fluorescence channel. The algorithm then calculates the mean green fluorescence intensity
(representing MMP) within the mitochondrial pixels of each mito-contact site and compares this
value to the average intensity of the background, which is defined as all mitochondrial areas
located outside of these specific sites. The code could be found in
https://github.com/eugenelet/Modulating-inter-mitochondrial-contacts-to-increase-membrane-
potential(@.

RNA-Sequencing and Data Analysis

Two groups (control and transfected), with each of six dishes, were prepared. Three for dark and
three for blue light treatment ensured three independent repeats for each condition. HeLa cells
were seeded to 60 mm dish and incubated for 24 h for adhering. Did transfection process for
transfected group samples and waiting for 24 h for good expression. The blue light treatment
group were exposure under blue light for a certain time before it was fixed. Then, all dishes were
washed with cold PBS three times and fixed with lysis buffer for RNA extraction. Total RNA
extraction and directional polyA RNA-seq were performed by the Genomics, Epigenomics and

Sequencing Core at the University of Cincinnati £°.

The RNA quality was assessed using a Bioanalyzer (Agilent, USA), confirming high RNA quality.
PolyA RNA was enriched using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England BioLabs, USA) combined with the SMARTer Apollo automated NGS library prep system
(Takara Bio USA, USA) using 1 ug of total RNA as input. Library preparation was carried out using
the NEBNext Ultra II Directional RNA Library Prep Kit (New England BioLabs, USA) with 8 PCR
cycles. Following library quality control via Bioanalyzer and quantification using real-time qPCR
(NEBNext Library Quant Kit, New England BioLabs, USA), individually indexed libraries were
pooled proportionally and sequenced using the NextSeq 550 sequencer (Illumina, USA).
Approximately 25 million reads per sample were generated. Fastq files for downstream data
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analysis were automatically generated via the Illumina BaseSpace Sequence Hub following
sequencing. Differential expression analysis was conducted using the DESeq2 R package. Genes
were considered significantly differentially expressed if the adjusted p-values (g-values) were less
than 0.05. Mitochondrial genes were screened out by using Human MitoCarta3.0: 1136
mitochondrial genes. Gene set enrichment analysis (GSEA) was performed using the GSEApy
Python package. We used pre-ranked gene expression data to assess overrepresented Gene
Ontology (GO) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) categories.
Specially, we analyzed three GO categories — Biological Process, Molecular Function, and Cellular
Component - from GO gene subsets respectively; and also analyzed KEGG pathway for the wider
range of biochemical processes.

C. elegans Experiments

Strains and Maintenance

The animal experiments were approved by the Cincinnati Children’s Hospital Medical Center
Institutional Biosafety Committee. Nematode growth medium (NGM) was used for C. elegans
culture and all maintenance and experiments were carried out at 20 °C. OP50 Escherichia coli was
used as a food source for all experiments. Egg-lay-synchronized hermaphrodite animals were used
for all experiments at the stage noted. Strain ZAC307 cchEx307[pTG028_eft-3p::CRY2::-mCherry-
Miro1TM + myo-2p::RFP] expresses CRY2-mCherry-Miro1TM in all cells. ZAC307 was created by
injecting N2 Young adult worms with a mix containing 0.25 mM EDTA, 2.5 mM Tris-Cl, 10 ng pl-1
pTG028[eft-3p::CRY2::-mCherry-Miro1TM] plasmid, 2.5 ng yl-1 myo-2p::RFP plasmid, 90 ng pl-1
NEB 1KkB ladder. Offspring were selected for the presence of the transgenic array based the red
pharyngeal myo-2p::RFP marker. The expression of CRY2::-mCherry-Miro1TM was verified in L4
worms with a Nikon A1R Confocal at 60x using the 60x Apo A S Oil Immersion Objective.

Lifespan Analysis

For the lifespan study, four groups of C. elegans were used. On day 0, L4 animals were transferred
to 3 x 60 mm NGM plates, 20 animals per plate (n = 60). For the Control group, N2 (wild-type)
animals were kept in a box, in darkness at 20 °C. For the Control + light group, N2 (wild-type)
animals were kept in a blue light box (300 pW/cm?) at 20 °C. For the Transgenic group, array
positive ZAC307 animals were kept in a box, in darkness at 20 °C. For the Transgenic + light group
(optogenetic treatment), array positive ZAC307 animals were kept in the blue light box (300
uW/cmZ) at 20 °C. Every two days, each set of 20 adult animals was moved to a new 60-mm NGM
plate to leave any progeny behind, and the number of living animals was assessed. Animals were
counted as living if they moved or responded to stimuli when they were picked or tapped.

Data Analysis

Statistical analysis was conducted using either Student’s t-test or Log-rank (Mantel-Cox) test only
for the survival analysis of the worm. The data were presented as mean + standard error of the
mean (SEM). Statistical analysis and graphing were performed using Prism 8 software (GraphPad)
or Excel (Microsoft). Image analysis was carried out using ImageJ-win64 software (NIH Image).
The final assembly of images was done using PowerPoint (Microsoft).

Statistics and Reproducibility

Statistics were performed in Prism 8 (GraphPad). No data was excluded from the analysis. No
statistical method was used to pre-determine sample size. Within experimental groups, samples
were randomized for each experimental replicate. The investigators were not blinded to allocation
during experiments and outcome assessment. Data distribution was assumed to be normal, but
this was not formally tested, therefore data distributions are visualized in each figure.

Data availability

All data supporting the findings of this study are available either in the article and/or its
Supplementary Information files. Source data are provided with this paper.
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Peer reviews
Reviewer #1 (Public review):
Summary:

Blue light exposure has been shown to induce mitochondrial dysfunction, including reduced
mitochondrial membrane potential (MMP). In the present study, the authors present a
protein-based optogenetic system capable of inducing mito-contacts upon blue LED
illumination, and show that this technical platform attenuated blue-light-induced
mitochondrial dysfunction and cytotoxicity via restoring mitochondrial membrane potential.

Strengths:

The overall study design is well organized, and the data appear to support the conclusions.
Additionally, demonstrating effects in human retinal cells and C. elegans enhances the
perceived robustness and translational potential of the findings.

Weaknesses:

(1) Quantification of MMP at contact sites: The use of Rhodamine 123 (Rh123) for MMP
measurement can be problematic, as it is not ratiometric; its signals depend on loading
conditions, cell size, mitochondrial mass, and focal thickness, rather than solely on AWm. If
mitochondrial content changes (e.g., via biogenesis or mitophagy), Rh123 readings can be
misleading. This is particularly relevant here, as the mito-contact-induced MMP changes
appear to be localized events. The authors should include controls for at least one experiment
using FCCP/CCCP (to collapse A¥m) and oligomycin (to induce hyperpolarization in many cell
types) to confirm the dynamic range of the assay. Where possible, Rh123 fluorescence
intensity should be normalized to mitochondrial mass (e.g., using a mass marker or
mitochondrial protein). Moreover, MMP changes should be validated using an alternative
indicator, such as JC-1 or a genetically encoded probe, as this is foundational to the study.

(2) Mechanisms of mito-contact-induced MMP hyperpolarization: Building on the above, what
is the mechanism by which mito-contacts induce MMP hyperpolarization? Does this involve
fusion of the outer or inner mitochondrial membranes? MMP hyperpolarization typically
reflects an increase in protons in the intermembrane space relative to the matrix. Where do
these protons originate? The kinetics of mito-contact-induced MMP changes should also be
investigated in more detail.

(3) Building on the above, what is the ratio of contact area to the overall mitochondrial
surface area? If MMP increases only at relatively small contact sites, how does this translate
to an overall increase in MMP and energy production?

(4) Blue light causes mitochondrial damage via increased reactive oxygen species (ROS), and
MMP hyperpolarization can itself lead to excessive oxidative stress. The authors should
measure ROS levels and discuss their potential impact on the observed effects.

(5) Although the main focus is on blue LED-mediated injury, the protective effects of the
optogenetic system against other stressors (e.g., ischemia-reperfusion, H,0,, or FCCP
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exposure) should be examined. This would help exclude confounds related to blue light,
which is central to both the manipulation and the damage model in the current study, and
increase the overall impact of the findings.

https://doi.org/10.7554/eLife.110524.1.sa1

Reviewer #2 (Public review):

Summary:

This paper describes a novel tool (CRYO2PHR-MiroTM), which aims to create contact sites
between mitochondria. One elegant aspect of the technique is that it is controlled by the
exposure of cells to blue-light and reversible when cells are put back in the dark. Through an
unknown and unexplored mechanism, the mitochondrial membrane potential is raised at the
mitochondrial contact sites. The oligomerization of CRYOPHR-MiroTM is protective against
the toxic effect of prolonged blue light exposure in cells and nematodes.

Strengths:
This work might open novel perspectives in the fundamental study of mitochondria.

(1) CRYO2PHR-MiroTM represents an interesting tool to manipulate mitochondria
interaction/proximity/distribution without playing with the classical components of the
mitochondrial fusion and fission machinery.

(2) This work suggests that, without the need for fusion, the relative proximity of
mitochondria might influence their activity, opening novel fields of investigation in
mitochondrial biology.

(3) Finally, targeting CRYO2PHR not only to mitochondria but also to their partner organelles
(ER, LD, peroxisomes...) could provide a tool to reversibly manipulate the interaction of
mitochondria with the rest of the organelle community.

Weaknesses:

As detailed below, the claims made by the author that CRYOPHR induce mitochondrial
contact sites are not fully convincing at this stage. The method used to define and analyse
contact sites is not clear enough, and the image presented in the present manuscript does not
convincingly illustrate contact sites between mitochondria. Finally, the evidence that
CRYOPHR does not trigger mitochondrial fusion should be strengthened.

Comments on the results:

(1) The quantification of mitochondrial contacts is a crucial point of this study. At this stage,
the data are not sufficient to demonstrate that CRYOPHR-MiroTM oligomerisation tethers
mitochondria. CRYOPHR-MiroTM can oligomerise in Trans, leading to mitochondrial
tethering, but it can also oligomerise in Cis. In that later case, one could hypothesise that the
massive aggregation of CRYOPHR-MiroTM at the mitochondrial outer membrane could locally
push lipids away and/or create membrane curvature. The image and quantification provided
by the author make it difficult to decide whether CRYOPHR-MiroTM tethers mitochondria or
pinches their membranes. Below are detailed comments on these aspects:

a) It is claimed that "the proportion of mitochondria having one or more mito-contacts
increased by nearly 50% following optogenetic stimulation". However, it is unclear how the
authors have calculated this parameter. In the methods for contact ratio calculation, it is
written that "the contacted area of CRY2PHR puncta was calculated”, but I do not understand
what it means and how it relates to contact ratio calculation. Then the authors have written,
"Based on the area or distance (between mitochondria), the mitochondria were classified as
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either non-contact or contact". It is not clear to which parameter the term " area " refers: the
area of mito-contacts based on MitoTracker or the area of CRY2PHR puncta. It is not clear
how the authors integrate the two parameters "area" and "distance" to decide whether two
mitochondria are in contact or not.

b) The method states that "Contact ratio refers to the number of contact mitochondria by the
total number of mitochondria". What does "number of contact mitochondria” mean? The
number of contacts between mitochondria? The number of mitochondria in contact? What is
the distance range between two mitochondria, taking into account optic resolution, for which
the authors consider that two mitochondria are "in contact"?

c) The quantification of the contact ratio made on the TEM picture should be explained.

d) The following data should be added, as contact site formation is a critical point. On cells
treated or not with blue light, the author should measure systematically what is the distance
of a given mitochondrion to the nearest one. The distribution of these distance values should
be shown and analysed to determine whether or not there are more mitochondria at short
distances upon blue light induction of CRYOPHR oligomerization. In addition, the author
should determine the number of CRYO2PHR puncta that are simply lying on a mitochondrion
and the number of CRYO2PHR puncta that are bridging two clear, distinct mitochondria.

e) Based on the images provided in Figure 1, there is no convincing evidence of
mitochondrial contacts. In image 1g, the CRYO2PHR puncta seem to be lying on mitochondrial
tubules. Sometimes, it looks that CRYO2PHR puncta decorate mitochondrial constriction sites,
suggesting that the CRYOPHR might pinch membranes. The authors claim that they "found
various types of mitochondrial contacts (Figure 1f, 1g), such as head-to-head, side-by-side, and
head-to-side", but it is not clearly visible on the images. One problem is that the authors show
the merge of MTDR and CRYOPHR-mCherry staining, in which the mitochondria contact are
hidden by very bright CRYOPHR-mCherry aggregates. The authors should provide high
magnification images (like in 1g) showing not only the merge of mitochondria and CRYOPHR-
mCherry but also the staining of mitochondria by themselves. The authors should mark
"head-to-head, side-by-side, and head-to-side contacts" with arrows.

f) Continuing on Figure 1f and 1g, it does not sound optimal to use CRYOPHR-mcCherry in
combination with MTDR (MitoTracker Deep Red) to precisely delimitate subtle membrane
contact sites between mitochondria because the emission and excitation spectra of these two
fluorochromes partially overlap. One better alternative could be to use MTG (MitoTracker
Green) as for Figure 1a. However, here we come to the point that MitoTraker stains the
mitochondrial matrix that is delimited by the mitochondrial inner membrane, which can be
discontinuous in a given mitochondrion. To formally visualise mitochondrial contact sites
and demonstrate that CRYOPHR tethers mitochondria, the author should rather mark the
mitochondrial outer membrane (with TOM20::GFP and anti-TOM20, for instance).

g) Figure S2 presents snapshots of a movie clearly showing the rapid aggregation of CRYOPHR
into distinct puncta upon blue light exposure. The author should perform the same
experiment on cells in which mitochondria would be stained with a fluorophore, allowing
live imaging (MTG or TOM20::GP, for instance). This would allow for tracking of mitochondria
and CRYOPHR puncta at the same time. Hence, high magnification views should allow for
capturing events where CRYOPHR puncta formation coincides with mitochondrial tethering if
the authors' claims are correct, or with, for instance, membrane pinching if they are wrong.

h) If CRYOPHR-TMMiro bring mitochondrial membrane closer, it would be surprising that it
does not increase the probability of Mitofusin-dependent fusion events. The author should
conduct analysis of the mitochondrial network in cells exposed to the conditions shown in
Figure 1. Rather than relying only on the aspect ratio (as shown in Figure 2 in cells stressed
by prolonged blue light exposure), the author should also analyse the mitochondrial total
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branch length (sum of the length of all branches from a mitochondrion) and the number of
branches on each mitochondrion.

1) Ideally, the author should not only rely on the analysis of mitochondrial architecture,
which only partially informs on mitochondrial fusion rate. Fragmented mitochondria can
indeed fuse efficiently via kiss-and-run events, for instance. To formally demonstrate that
there are no permanent nor transcient fusion at the mitochondrial contact sites induced by
CRYOPHR, the most powerful method would be to analyse diffusion of matrix fluorescent
dyes. This can be conducted using photoconvertible probes (mt-dendra2) (Pham et al., 2012)
or a PEG-induced cell fusion assay (Detmer et al., 2007).

(2) Regarding the quantification of local MMP at mitochondrial contact, it would be important
to better explain how the authors have set up their microscope to avoid technical issues that
could lead to fluorescent artifacts at CRYOPHR puncta. Because the emission of Rhodamine
123 overlaps the excitation of mCherry, it should be explained in the methods how the
detection of Rhodamine 123 has been filtered to avoid the detection of the red light coming
from the mCherry light coming from CRYOPHR puncta. This is critical as fluorescent protein
aggregates can be very bright.

Comments on the introduction and discussion

(1) In the results section, the authors state that they were "Inspired by previous studies
indicating that nanoscale proximity of a charged membrane or protein 119 condensate to a
membrane amplifies the local membrane potential”. It could be useful to the readers to have
a bit of background regarding these observations (references 55 and 56) to better understand
what supports the rationale of the authors' strategy. Then, the discussion part should address
in more detail the possible mechanisms that could explain why bringing the mitochondrial
membranes without fusing them influences mitochondrial membrane potential.

(2) I would suggest finding a simple name for the CRYOPHR-MiroTM tool that could evoke
more clearly that it is an optogenetic tool designed to tether mitochondria with blue light.

https://doi.org/10.7554/eLife.110524.1.sa0
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