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SUMMARY

Intracellular transport and distribution of organelles play important roles in diverse cellular
functions, including cell polarization, intracellular signaling, cell survival and apoptosis. Here we
report an optogenetic strategy to control the transport and distribution of organelles by light. This
is achieved by optically recruiting molecular motors onto organelles through the
heterodimerization of Arabidopsis thaliana cryptochrome 2 (CRY?2) and its interacting partner
CIB1. CRY2 and CIB1 dimerize within subseconds upon blue light exposure, which requires no
exogenous ligands and low intensity of light. We demonstrate that mitochondria, peroxisomes, and
lysosomes can be driven towards the cell periphery upon light-induced recruitment of kinesin, or
towards the cell nucleus upon recruitment of dynein. Light-induced motor recruitment and
organelle movements are repeatable, reversible and can be achieved at subcellular regions. This
light-controlled organelle redistribution provides a new strategy for studying the causal roles of
organelle transport and distribution in cellular functions in living cells.

INTRODUCTION

In mammalian cells, important proteins and organelles are actively transported to their
appropriate locations by a two-way microtubule-based traffic system. In this system, the
molecular motors dyneins and kinesins convert chemical energy into mechanical work to
deliver cargoes. Dyneins walk towards the minus end of microtubules and thus carry cargos
to the cell nucleus. In the opposite direction, kinesins walk towards the plus end of
microtubules and take cargos to the cell periphery. Accumulating evidence indicate that
distinct spatial distributions of organelles exist under defined conditions and play important
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roles in various cellular functions in cells. For example, it is observed that nutrients induce
peripheral positioning of lysosomes while starvation causes perinuclear clustering of
lysosomes (Korolchuk et al., 2011). Localization of the mitochondria to the vicinity of
plasma membrane is proposed to be crucial for sustained Ca?* influx across plasma
membrane and T-cell activation (Quintana et al., 2006; Schwindling et al., 2010). On the
other hand, the perinuclear clustering of mitochondria, observed during hypoxia, is proposed
to be indispensable for high nuclear reactive oxygen species level under hypoxia and
regulate hypoxia-induced gene expression (Al-Mehdi et al., 2012). At subcellular level, non-
symmetric transport and distribution of organelles are crucial for the development and
functioning of highly polarized cells (Mellman and Nelson, 2008). For example, in cultured
hippocampal neurons, the preferential delivery of post-Golgi vesicles to an immature neurite
biases the morphological polarization of the neurite into an axon (Bradke and Dotti, 1997).
However, a direct link between organelle distributions and cellular functions is missing due
to the lack of effective and controllable means to manipulate organelle transport in living
cells.

A desirable method to control the organelle distribution in cells should have the following
characteristics. First, it should be able to be conducted in living cells so that the functional
consequences of organelle redistribution can be investigated in vivo. Second, it should be
reversible so that the regulation can be stopped at a desired time point. Finally, it should
permit temporal and spatial control in order to study intracellular activities in certain
temporal patterns and/or in distinct subcellular regions. Recently, a rapamycin-induced
FKBP-FRB heterodimerization system has been developed that enables inducible
recruitment of molecular motors to specific organelles and drives organelle redistribution
inside the cell (Kapitein et al., 2010a; Kapitein et al., 2010b; van Spronsen et al., 2013).This
technique provides the unique capability of controlling organelle distribution in living cells.
However, it requires a rapamycin cofactor which needs to penetrate the cell membrane and
cannot be applied with subcellular precision. In addition, the rapamycin-induced binding is
not reversible.

The rapidly emerging area of optogenetic actuators provides new opportunities to control
motor activities and organelle redistribution. Several pairs of light-induced dimerization
proteins have been developed, including light-oxygen-voltage (LOV) domain (Harper et al.,
2003; Renicke et al., 2013; Strickland et al., 2012; Strickland et al., 2010; Wu et al., 2009),
phytochrome B (Levskaya et al., 2009; Shimizu-Sato et al., 2002; Toettcher et al., 2013) and
cryptochrome 2 (CRY?2) (Bugaj et al., 2013; Kennedy et al., 2010). Among them, the CRY2
and the LOV systems do not need exogenous cofactors for dimerization. In a very recent
study, the light-induced heterodimerization between the LOV2 domain from Avena sativa
phototropin 1 and an engineered PDZ domain was utilized to optically control organelle
redistribution (van Bergeijk et al., 2015). Here in this work, using similar strategy, we
exploit the light-controlled binding of CRY?2 to its interacting partner CIB1 to achieve
optogenetic control of organelle redistribution in living cells. Previously, light-inducible
CRY2-CIB1 binding has been utilized to control endogenous transcription (Konermann et
al., 2013), phosphoinositide metabolism (Idevall-Hagren et al., 2012) and activation of
signaling pathways such RaffMEK/ERK (Zhang et al., 2014) and PI13K signaling pathway
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(Kakumoto and Nakata, 2013). The light-induced heterodimerization of CRY2-CIB1
requires low level of light and thus introduce minimal light toxicity in long-term studies
(Zhang et al., 2014). By tethering CRY2 to specific organelles and CIB1 to molecular
motors, we demonstrate light-induced transport of organelles to the perinuclear region by
recruiting dyneins and light-induced transport of organelles to the cell plasma membrane by
recruiting kinesins. The strategy is generally applicable to many types of organelles
including mitochondria, peroxisomes and lysosomes. The manipulation of organelle
distribution is reversible and spatial control of organelle distribution can be achieved in
subcellular regions.

Design Scheme for Optogenetic Control of Molecular Motors and Organelle Distribution

We have designed a generic method that uses light to control motor recruitment to organelle
membrane and thus controls organelle distributions in living cells. Intracellular transport of
organelles is mainly propelled by microtubule-based motor proteins including kinesins and
dyneins. It was previously reported that utilizing FKBP-rapalog-FRB heterodimerization
system, recruitment of motors can drive specific cargo movement and organelle
redistribution (Kapitein et al., 2010b). Inspired by this study, we hypothesized that
reversible and spatial control of inducible organelle movement can be achieved if we were
able to use light to recruit motors to specific organelles. To this end, we chose the CRY2-
CIB1 heterodimerization module that can bind within subseconds in the presence of blue
light and dissociate in a few minutes after turning off the blue light. In this study, we
employed the photolyase homology region of CRY2 (amino acids 1-498) and N-terminal
region of CIB1 (amino acids 1-170) (Kennedy et al., 2010). In our design (Figure 1), CRY?2
was localized to different organelle via cargo-specific membrane linkers, while to control
motors, CIB1 was fused to either KIF5A, a truncated kinesin protein, or BICDN, the N-
terminal of the dynein/dynactin interacting protein BICD. Truncated kinesin KIF5A without
the tail domains is known to be unable to bind to cargos(Cai et al., 2007). When truncated
KIF5A are recruited to organelles upon CRY?2/CIB1 dimerization under blue light, the
organelles should move towards the plus-ends of microtubules which are mostly localized at
the cell periphery. On the other hand, the recruitment of BICDN to organelles will recruit
dynein motors and induce transport of organelles towards the minus-ends of microtubules,
which usually reside around the cell nucleus.

Light Induces Redistribution of Cellular Mitochondria by Recruiting Molecular Motors

We first demonstrated that mitochondria could be moved toward the perinuclear region by
light-induced recruitment of BICDN. In this report, intermittent 200-ms exposure of blue
light at 9.7 W/cm? per 10-second interval was used to stimulate the dimerization of CRY2-
CIB1 unless otherwise noted. CRY?2 was targeted to mitochondria by CRY2-mCherry-
MiroTM, where MiroTM is the transmembrane domain of Mirol, a component of the motor/
adaptor complex that anchors to the mitochondria outer membrane (Fransson et al., 2006).
The specific mitochondria localization of CRY2-mCherry-MiroTM was confirmed by the
colocalization between CRY?2-mCherry-MiroTM and Mito-YFP, a known mitochondria
targeting sequence from cytochrome C oxidase (Rizzuto et al., 1989) (Figure S1). As shown
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in Figure 2A, in the COS-7 cell co-transfected with CRY2-mCherry-MiroTM and GFP-
BICDN-CIB1, some mitochondria were positioned close to the nucleus while others spread
throughout the cell. The distribution of GFP-BICDN-CIBL in the same cell was cytosolic
and diffusive (Figure 2B). After intermittent blue light stimulation for 1 hour, mitochondria
became highly clustered around cell nucleus (Figure 2A), driven by light-recruited dynein
motors (Movie S1 shows the transport dynamics). The cytosolic distribution of GFP-
BICDN-CIBL in this cell did not change by blue light illumination (Figure S2A), likely due
to the much higher expression of cytosolic GFP-BICDN-CIB1 than mitochondria-localized
CRY2-mCherry-MiroTM. Indeed, the colocalization between GFP-BICDN-CIB1 and
CRY2-mCherry-MiroTM was observed in cells with very low expression level of GFP-
BICDN-CIBL1 (Figures S2B-S2E). To quantify the global mitochondria movements, the
percentage of mitochondria inside the yellow perinuclear circle was calculated at different
time points using a Matlab program (Experimental Procedures and Figure S3). The
perinuclear circle was set to enclose the whole nucleus. The diameter was adjusted to
include approximately ~50% fluorescence intensity of the whole cell at the beginning of the
experiment, which will give the best contrast if organelles move in or out of the circle. In the
cell shown in Figure 2A, before blue light illumination, only 39% of mitochondria were
localized inside the circle. Over the 60-minute intermittent illumination of blue light, the
percentage of mitochondria inside the circle gradually increased to 89% (Figure 2C). The
kymograph extracted from the time-lapse movie (along the yellow line in Figure 2A)
demonstrated that mitochondria were actively transported to the proximity of cell nucleus
(Figure 2D).

Likewise, we showed that mitochondria could be moved outward to the cell periphery by
light-induced recruitment of KIF5A (Figures 2E-2H; Movie S2). The COS-7 cell was co-
transfected with CRY2-mCherry-MiroTM and KIF5A-GFP-CIB1. Unlike GFP-BICDN-
CIBL1 that was diffusive, KIF5A-GFP-CIBL1 retained kinesins’ microtubule binding affinity
and its distribution showed microtubule tracks (Figure 2F). Upon blue light illumination,
mitochondria spread out towards cell periphery and some clustered at cell edge as indicated
by the white arrows (Figure 2E). KIF5A-GFP-CIBL1 distribution in this cell did not change
noticeably after blue light exposure (Figure S2F). The percentage of mitochondria inside the
yellow circle gradually decreased from 52% to 36% after blue light illumination for 15
minutes (Figure 2G). The kymograph along the yellow rectangular region indicated that
mitochondria were actively transported towards the cell periphery during light illumination
(Figure 2H).

As negative controls, without blue light stimulation, COS-7 cell co-transfected with either
CRY2-mCherry-MiroTM & GFP-BICDN-CIB1 or KIF5A-GFP-CIB1 & CRY2-mCherry-
MiroTM did not have significant change in mitochondria spatial distribution after 1 hour
(Figures S4A and S4B). Furthermore, in co-transfected cells that lacked CIB1(i.e. CRY2-
mCherry-MiroTM & GFP-BICDN, CRY2-mCherry-MiroTM & KIF5A-GFP) or in cells
single-transfected with CRY2-mCherry-MiroTM, mitochondria distribution did not change
after blue light stimulation for 1 hour (Figures S4C-S4E).
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Multiple Types of Organelles Can Be Relocated by Light-Induced Recruitment of Motors

In addition to the ability to induce redistribution of mitochondria, our method can also
initiate directional transport of other organelles by tethering CRY2 to their outer
membranes. In this regard, we attached CRY2 to the membrane of peroxisomes by linking
to the N-terminal of PEX (amino acids 1-42), which is the peroxisome membrane targeting
domain of a peroxisomal membrane protein (Kammerer et al., 1998). In the cell transfected
with PEX-mCherry-CRY2 and GFP-BICDN-CIB1 as shown in Figure 3A, some
peroxisomes were located close to the nuclear region and some were distributed throughout
the cell. After intermittent blue light exposure for 37 minutes, almost all peroxisomes were
relocated very close to nucleus. The kymograph in Figure 3B showed the clear trend of
peroxisomes moving toward the nucleus. In the opposite microtubule direction, we
demonstrated that, in the cell transfected with PEX-mCherry-CRY?2 and KIF5A-GFP-CIB1
as shown in Figure 3C, blue light stimulation drove the peroxisomes moving toward the cell
periphery, similar to the behavior of mitochondria as described in the previous section. After
25-minute blue light stimulation, the distribution of peroxisomes was much more spread out
in the cell as compared before blue light stimulation. The kymograph shown in Figure 3D
(generated from the yellow line in Figure 3C) clearly showed the trend that peroxisomes
cargoes were moving outward. The distribution of GFP-BICDN-CIB1 and KIF5A-GFP-
CIB1 did not change after light-induced peroxisome redistribution (Figures S5A and S5B).

We also demonstrated the optogenetic control of cargo distribution for lysosomes. To
activate the light-induced movement of lysosomes, mCherry-CRY 2 was fused to the N-
terminus of LAMP, an integral membrane protein specific to lysosomes(Chen et al., 1988).
When blue light was turned on, the recruitment of BICDN to lysosomes resulted in
translocation of lysosomes to perinuclear region in COS-7 cells co-transfected with GFP-
BICDN-CIB1 and LAMP-mCherry-CRY?2 (Figure 3E). In particular, the amount of
lysosomes near cell edge was drastically reduced as indicated by the white arrows,
corroborated by the kymograph in Figure 3F. On the other hand, the light-induced
recruitment of KIF5A-GFP-CIB1 to lysosomes resulted in lysosome translocation to the cell
periphery (Figure 3G and 3H). The distribution of GFP-BICDN-CIB1 and KIF5A-GFP-
CIB1 did not change obviously after light-induced lysosome redistribution (Figures S5C and
S5D).

We noticed that the instantaneous moving speeds of translocation were similar for
mitochondria, lysosomes and peroxisomes. However, the redistribution of peroxisomes, on
average, occurred much faster than mitochondria when induced by blue light exposure. We
also noticed that most light-induced mitochondria movements were in a zigzag and stop-
and-go patterns (see Movies S1 and S2), while peroxisome moved more smoothly in large
distances and in straight lines (see Movies S3 and S4). One possibility is that peroxisomes
are smaller in size than mitochondria and thus maneuver more easily through dense cellular
environment. It is also possible that some mitochondria are tethered to cellular structures, for
example cytoskeleton (Boldogh and Pon, 2006), and not able to be moved even when
molecular motors are recruited to them. The successful demonstration of light-induced
organelle movement and redistribution of mitochondria, peroxisomes, and lysosomes shows
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that our method is generally applicable to induce polarized transport and differential
distribution patterns of different organelles in cells.

Light-Recruited Molecular Motors Move Along Microtubules

Though light-induced recruitment of molecular motors drives organelle redistribution, it is
interesting to know if the artificially recruited motors retain their native properties.
Therefore, we investigated whether motors recruited via CRY2-CIB1 dimerization system
move along microtubules and also measured the speeds of cargo movement propelled by
these artificially recruited motors. For this purpose, we chose peroxisomes as cargoes
because peroxisomes are smaller and fewer in numbers than mitochondria or lysosomes,
which make it easier to track their individual cargo movements. First, we showed that light-
induced recruitment of kinesins resulted in peroxisome transporting along microtubules.
Cells were triple-transfected with PEX-mCherry-CRY2, KIF5A-CIB1 and TAU-YFP,
among which TAU-YFP was used to label microtubules (Samsonov et al., 2004). In this
section, KIF5A-CIB1 was not labeled with any fluorescence tag. Figure 4A showed that a
peroxisome moved along a microtubule after blue light stimulation and headed towards the
microtubule plus end that pointed to the cell edge. The overlap could be seen more clearly in
the maximum intensity Z projection of the time lapse movie.

Next, we examined the movement speed of individual peroxisome by blue light-recruitment
of KIF5A (Figure 4B). In cells co-transfected with PEX-mCherry-CRY?2, KIF5A -CIB1 and
TAU-YFP, we recorded time-lapse movies at 1frame/second for peroxisome movement over
a period of 400 seconds. Z projection of the movie yielded peroxisome trajectories that
demonstrated an outward radial distribution overlapping with some microtubules.
Interestingly, we often observed many peroxisomes moving on the same microtubules
(Movie S3). Two kymographs (1) and (1) in Figure 4C were generated along the two
microtubules shown as yellow rectangles in Figure 4B. There were respectively 8 and 16
peroxisomes transporting along these two microtubules in 250 seconds (Figure 4C).
However, peroxisomes seemed to move on selected subsets of microtubules and only a
small fraction of cellular microtubules were used. Throughout the 400-second movie
acquisition, there were only around 50 out of hundreds of microtubules that had
peroxisomes moving on. Most peroxisomes moved along these trajectories continuously and
at a relatively constant speed. We measured the moving speeds of 177 peroxisomes and the
distribution of transport velocity showed a mean value at 0.55 um/s with a spread between 0
to 2.0 pm/s (Figure 4D).

Next, we also confirmed that light-induced dynein recruitment drove cargos moving along
microtubules. In Figure 4E, the cell triple-transfected with BICDN-CIB1, TAU-YFP and
PEX-mCherry-CRY?2 showed a region where many microtubule ends merged as the arrow
indicated, likely a microtubule organizing center. Blue light illumination triggered the
retrograde transport of peroxisomes which resulted in the accumulation of peroxisomes at
the microtubule nucleation site (Movie S4). The trajectories of peroxisomes in the Z
projection image clearly overlap with the microtubule patterns surrounding the microtubule
nucleation site. Kymographs were generated from the two trajectories indicated as (111) and
(IV) and showed that peroxisomes moved along the microtubules towards the cell center
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(Figure 4F). Transport speeds of 119 peroxisomes in 4 cells were measured and presented as
the histogram of speeds in Figure 4G, showing a mean value at 0.57 um/s and a spread from
0 to 2.0 um/s (Figure 4G). The average speed for peroxisome transport driven by light-
induced molecular motors recruitment in this study is in line with speed measurements
reported in previous in vivo peroxisome transport study (Kural et al., 2005).

Light-Induced Organelles Redistribution Is Reversible

Reversibility is a highly desirable property to regulate motor activity and organelle transport.
Here we showed that the binding of molecular motors and light-induced movement of
mitochondria was reversible upon turning off the blue light. First, we demontrated that the
binding between CRY2 and CIB1 on mitochondria was reversible using cells co-transfected
with CIB1-GFP-MiroTM and CRY2-mCherry. Here to demonstrate the CRY2-CIB1
binding reversibility, we use organelle-localized CIB1 and cytosolic CRY?2 instead of
organelle-localized CRY2 and cytosolic CIB1. This is because CRY2 usually has much
lower expression level than CIB1. Binding of CRY2-mCherry to organelle-localized CIB1
will visually deplete cytosolic CRY?2 and thus the colocalization can be clearly observed. In
this experiment, during blue light illumination, the cell was stimulated with 200-ms
exposure of blue light at 9.7 W/cm? per 1-second interval. As shown in Figure 5A, the
initially diffusive and cytosolic CRY2-mCherry were quickly recruited to mitochondria after
blue light illumination. The CIB1-CRY2 binding is reversible after the blue light is turned
off and the process is highly repeatable. Figure 5B showed 4 consecutive cycles of the
CIB1-CRY?2 association/dissociation in the yellow rectangle area indicated in the cell (see
Movie S5). The CYR2-CIB1 binding was usually completed within 10 seconds while the
dissociation took around 10 minutes. Repeated process did not change the binding/
unbinding dynamics.

We also demonstrated that the light-induced mitochondria redistribution was reversible
(Figure 5C). In the cell transfected with KIF5A-GFP-CIB1 and CRY2-mCherry-MiroTM,
mitochondria were observed to move away from nucleus with light-induced recruitment of
kinesins. In this cell, the percentage of mitochondria inside the yellow circle was 61%
initially and dropped to 40% after blue light illumination. However, during the following 3
hours’ dark incubation, more and more mitochondria moved back towards cell nucleus and
the percentage increased from 40% to 63%. After 10 minutes of dark incubation, CRY?2 and
CIB1 would dissociate and thus kinesins would be no longer bound to mitochondria.
Afterward, other motors such as dyneins or myosins, may bind to mitochondria and drive
them back towards the cell nucleus. We noted that not all light-induced organell
redistribution were reversible within the 3-hour time frame that we were measuring,
suggesting complex intracellular processes.

We found that the expression level of KIF5A affected the overall rate of light-induced
organelle redistribution, while the expression level of BICDN did not. We compared light-
induced mitochondria redistribution in cells with different motor expression levels but with
similar MiroTM (cargo) expression levels. Before and after blue light illumination for 15
minutes, the average distance of mitochondria movement was calculated using a custom-
written Matlab progam (see Experimental Procedures for details). Figure 5D shows the
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movement of 20 cells at different KIF5A levels. It is clear that the higher the KIF5A
expression level, the further the mitochondria moved towards the cell pheriphery. Therefore,
more KIF5A motors recruited to mitochondria will drive mitochondria further in the same
time frame. On the other hand, the expression level of BICDN did not appear to affect
mitochondria moving distance. It is likely that, in cells transfected with GFP-BICDN-CIB1,
the translocation of mitochondria is limited by the total amount of endogenous dyneins.

Organelle Redistribution Can Be Spatially Controlled at Subcellular Regions

The optogenetic control affords high spatial resolution and we demonstrated that light-
induced mitochondria movement could be spatially controlled at subcellular regions. First,
we showed that CRY2/CIB1 heterodimerization can be controlled spatially in the cell co-
transfected with CRY2-mCherry and CIB1-GFP-MiroTM (Figure 6A). When blue light was
restricted to the circled area, CRY2-mCherry was observed to colocalize with mitochondria
only in the circled subcellular area, while CRY2-mCherry remained diffusive and cytosolic
in the rest of the cell. After the subcellular recruitment demonstration, the entire cell was
subsequently illuminated with blue light and CRY2-mCherry was observed to colocalize
with mitochondria throughout the cell, indicating that the previous subcellular recruitment of
CIB1-GFP-MiroTM was indeed due to the restricted light illumination.

Next, we demonstrated that the distribution of organelles could be spatially controlled by
confining the illumination area to subcellular regions. As shown in Figure 6B, the cell was
co-transfected with CRY2-mCherry-Miro1TM and KIF5A-GFP-CIB1. Before any blue light
illumination, there were few mitochondria in the proximity of cell membrane. Blue light was
confined to the marked area and illuminated for 1 minute. Mitochondria in the illuminated
area were observed to move out towards cell membrane, while in other areas, mitochondria
remained mostly stationary. To confirm that mitochondria in other areas could also be
translocated by light, we removed the spatial restriction. After the blue light activated the
whole cell for 15 minutes, the outward movement of mitochondria was seen throughout the
cell.

DISCUSSION

In this report, we have developed a method to optically control directional transport and
redistribution of organelles in living cells by utilizing light-induced CRY2-CIB1 interaction.
Light-induced recruitment of Kinesins initiates the transport of organelles to microtubule
plus-ends (towards the cell edge), while light-induced recruitment of dynein adaptors
propels organelles towards microtubule minus-ends (towards the cell nucleus). Light-
induced redistributions of multiple types of organelles have been demonstrated, including
mitochondria, peroxisome and lysosome. The use of light as a control switch provides
unique advantages. First, light-induced CRY2-CIB1 binding is reversible, which is highly
desirable for reversible motor recruitment and organelle redistribution. The reversibility also
ensures complete termination of light-inducible motor recruitment in the absence of blue
light, thus providing an ending point of regulation. Second, light affords highly localized
spatial control. We have demonstrated that the organelles in the light illuminated subcellular
area became motile while organelles in non-illuminated areas remained unchanged (Figure
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6). The spatial control of motor activities and organelle movement would be particularly
important in investigating the cargo transport in polarized cells, which are structurally and
functionally asymmetric.

In this study, we used CRY2-CIB1 optogenetic system that requires low intensity of blue
light and would not induce significant phototoxicity for long-term studies. As we have
shown previously, CRY2-CIB1 can dimerize at light intensity as low as 25 pW/cm? and 36-
hour continuous illumination of light at 200 uW/cm? induced minimal phototoxicity to PC12
cells (Zhang et al., 2014). We have carried out preliminary test of the suitability of our
method for long-term investigation of organelle redistribution. When COS-7 cells
transfected with either CRY2-mCherry-MiroTM/BICDN-GFP-CIB1 or CRY2-mCherry-
MiroTM/KIF5A-GFP-CIB1 were placed under 150 pW/cm? blue light for 24 hours, the
death rates for cells with sustained molecular motor recruitments were similar with those for
dark controls (Figure S6). The suitability for long-term experiments would be particularly
useful in studying the role of organelle redistributions in cell events that proceed over a
relatively long span of time, such as development of cell polarity and elongation of axons
which usually take days to complete.

It is worth noting that CRY 2 undergoes homo-oligomerization in addition to CRY2-CIB1
heterodimerization upon blue light exposure (Bugaj et al., 2013; Kim et al., 2014; Lee et al.,
2014), which could potentially complicate the results obtained from CRY2-CIB1
interaction. However, in this work, the CRY?2 homo-oligomerization would not interfere
with our results. No matter whether organelle-localized CRY?2 undergoes homo-
oligomerization or not, it does not prevent the binding between CRY2 and CIB1. Therefore,
our strategy based on CRY2-CIB1 binding to drive organelles in cells is robust and
reproducible.

In this report, in order to control cargo movements, CIB1 was fused to either truncated
kinesin or a dynein adaptor protein BICDN. The truncated kinesin is known to be
constitutively active, which means they may occupy microtubule binding sites excessively
and thus possibly prevent endogenous molecular motors from attaching to microtubules (Cai
et al., 2007). By comparison, overexpression of BICDN won't induce competition between
transfected proteins and endogenous molecular motors. However, in our experiments, we
did not observe any obvious toxicity induced from the overexpression of either plasmid after
2 days.

The work we present here agrees very well with a very recent report that controlling
organelle redistribution in cells is feasible through optogenetics (van Bergeijk et al., 2015).
The optogenetic systems used in the two studies are different: van Bergeijk et. al. utilized
the dimerization of LOV2 and engineered PDZ while our method is based on the binding of
CRY2/CIBL. In a benchmarking study that directly compared the LOV and the CRY2/CIB1
systems, CRY 2 system showed a lower background activation and less toxicity in some
systems (Pathak et al., 2014). Our study also shows that CRY2/CIB1 system is suitable for
long-term experiments.
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In conclusion, we provide an optogenetic strategy for controlling motor activities and
organelle distribution in living cells with reversibility, spatiotemporal control and minimal
toxicity. This method will be useful in studying organelle transport and the biological
importance of organelle distribution.

SIGNIFICANCE

Increasing evidence indicate that organelle transport and distribution plays important roles in
various cellular activities. However, establishing a direct link between organelle distribution
and cellular functions is hindered by the lack of means to manipulate molecular motors in
the complex intracellular environment. Here we provide an optogenetic strategy to control
the transport and distribution of organelles by light, in which blue light induces recruitment
of molecular motors onto organelles based on the heterodimerization of Arabidopsis
thaliana cryptochrome 2 and CIB1. This optical approach has outstanding advantages, such
as minimal side effects, reversibility and precise spatiotemporal control. In this article, we
demonstrated that various organelles, including mitochondria, peroxisomes and lysosomes,
can be driven towards the cell periphery or towards the cell nucleus upon recruitment of
specific molecular motors. We confirmed that light-recruited molecular motors move along
microtubules. It was also shown that the light-inducible motor recruitment and organelle
movements are repeatable and reversible. We also demonstrated that organelle redistribution
can be spatially controlled at subcellular regions. In summary, the optogenetic strategy in
this report offers precise and reversible light control of molecular motors and organelle
transport in vivo, thus providing a valuable tool to unveil the role of distributions of various
organelles in many cellular functions.

EXPERIMENTAL PROCEDURES

Plasmid Construction

All the plasmids used in this study were cloned in the mammalian expression vector
PEGFPN1 or pmCherryC1. In this paper, light-induced dimerization was based on a
truncated CRY2 consisting of the photolyase homology region alone and an N-terminal
region of CIBL. Details of all DNA plasmids used in this work are summarized in Table
S1A.

GFP-CIB1, CIB1-GFP and mCherry-CRY2 were firstly made by ligation and used as
templates for construction of other plasmids that contain these genes. CRY2-mCherry-
MirolTM was made by inserting the transmembrane domain of Mirol into CRY2-mCherry
using InFusion cloning kit (Clontech, Mountain View, CA, USA). LAMP-mCherry-CRY2
and PEX-mCherry-CRY 2 were constructed by inserting LAMP or PEX into mCherry-CRY 2
using ligation and InFusion respectively. KIF5A segment was inserted into GFP-CIB1 to
make KIF5A-GFP-CIB1 by ligation. GFP-BICDN-CIB1 was made by inserting BICDN into
GFP-CIBL1 by InFusion. CIB1-GFP-MiroTM was constructed by inserting MiroTM into
CIB1-GFP-Caax by 2-step overlapping extension PCR (Bryksin and Matsumura, 2010). The
details for plasmid construction in this paper are summarized in Table S1B.
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Cell Culture and Transfection

COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. All the cell cultures were maintained in a standard humidified incubator
at 37°C with 5% CO,. 1-2 days before transfection, CO7 cells were plated on PLL-coated
coverslip and allowed to reach 80% confluency. Cells were transfected with desired DNA
plasmids using Lipofectamine 2000 according to manufacturer’s protocol. The transfected
cells were allowed to recover and to express the desired proteins. Fluorescence imaging of
the transfected cells was carried out one day after transfection.

Live Cell Imaging

Live cell imaging was performed on an epi-fluorescence microscope (Leica DMI6000B
microscope) equipped with an on-stage CO2 incubation chamber (Tokai Hit GM-8000) and
a motorized stage (Prior, Cambridge). Cells plated on coverslips were maintained in
standard medium at 37°C with 5% CO» during imaging. An adaptive focus control was used
to actively keep the image in focus for long-term imaging. A light-emitting diode (LED)
light source (Lumencor Sola, Beaverton, OR) was used for fluorescence light source. For
blue light stimulation, pulsed blue light (200-ms pulse duration per 10-second interval at 9.7
W/cm?) was used for initiating CRY2-CIB1 binding and GFP imaging unless noted
otherwise. For mCherry imaging, pulsed green light (200-ms pulse duration) was used at
intervals of 10 seconds or 1 second depending on frame rate of the movie acquisition. The
green light used for imaging mCherry does not stimulate CRY2-CIB1 binding, confirming
previous studies (Kennedy et al., 2010). Fluorescence signal from GFP was detected using
the commercial GFP filter cube (Leica, excitation filter 472/30, dichroic mirror 495,
emission filter 520/35); fluorescence signal from mCherry was detected using the
commercial Texas Red filter cube (Leica, excitation filter 560/40, dichroic mirror 595,
emission filter 645/75). All the images were acquired with an oil-immersion 100x objective
(Leica, HCX PL APL, n.a. 1.4) and imaged with a sensitive CMOS camera (PCO.EDGE
5.5, PCO, Kelheim, Germany).

Quantitative Determination of Mitochondria Distribution from Cell Nucleus

Mitochondria were labelled by CRY2-mCherry-MiroTM. Using ImageJ, double-transfected
cells were extracted from the original images and pasted to a black background in order to
eliminate signal interference from neighboring cells. As shown in Figure S3, a ring that just
covered the nucleus was picked and defined as the nucleus in measurement. Using a custom
written Matlab program, CRY2-mCherry-MiroTM fluorescence signal was segmented into
nucleocentric rings of equal width from the nucleus toward the periphery of the cells (Figure
S3). The total intensity within each ring indicated the abundance of mitochondria located in
that ring. The percentage of mitochondria within a certain ring p; was calculated as the ratio
of the total intensity within that ring versus the total intensity of the whole cell, where the
total intensity of the whole cell did not include the intensity inside the nuclear ring. The
average distance of all the mitochondria in the cell with respect to the nucleus was

l
calculated as the weighted distance Lavg:leol*PZ. | was calculated as the difference
between the radius of the nucleocentric ring and that of the nuclear ring.
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Determination of KIF5A-GFP-CIB1 and GFP-BICDN-CIB1 Expression Level

Expression levels for GFP-BICDN-CIB1 and KIF5A-GFP-CIB1 were proportional to the
GFP fluorescence intensity. Imaging conditions were kept consistent for GFP signal capture.
After manually defining the whole cell area and selecting a background area, ImageJ
“Measurement” function was used to measure the average intensity of the GFP fluorescence
signal in a transfected cell I and that of the background Ihackground- The expression level
was calculated as the ratio of GFP intensity inside the cell over the background intensity of

the image (I cell/l background)-

Analysis of CRY2-CIB1 Binding Kinetics

For kinetic analysis of CRY2-CIB1 dimerization on organelle membrane, an individual
mitochondrion was manually selected. The average mCherry fluorescence intensity of the
selected mitochondrion was measured. The mCherry signal increases as the blue light
recruits mCherry-CRY2 to the surface of mitochondria until the recruitment saturates at
Imax- Then, the blue light illumination was stopped and the mCherry intensity will decrease
as the CRY2-CIBL1 dissociate in the absence of blue light until the dissociation is complete
at I,in. The time-dependent binding percentage of CRY?2-CIB1 was calculated as the ratio of
the difference between mCherry intensity at time t Ity and the minimum intensity to the

It - Imz'n
difference between maximum mCherry intensity and minimum intensity: R(t)zl()i

maxr I min’

Cell Cultures and LED Array Setup for Long-Term Light Stimulation

COS-7 cells were plated in 6-well plate one day before transfection. 6 hours after
transfection, cells in each well were split into three 12-well plates, one well per plate. In this
way, we got three sets of COS-7 cells with the same cell passage number and under identical
transfection conditions. Before next step, the cells were allowed to recover in dark for 12
hours.

For long-term blue light illumination setup, a 2-by-2 blue LED array was built by
assembling 4 blue LEDs (B4304H96, Linrose Electronics) on a breadboard. The LED
device was controlled by a LabVIEW program with a data acquisition board (National
Instrument-DAQ, PCI-6035E). The LEDs were supplied with user-defined DC voltages that
were controlled through the LabVIEW program. The breadboard was kept in an aluminum
box. A light diffuser film was placed on top of the LED array to make the light intensity
homogeneous. The average light intensity illuminated to cell cultures was measured by a
power meter (Newark, 1931-C). In this study, the light intensity in LED array was set at 150
HW/cm2,

Data Acquisition and Analysis of Cell Death Rate

Using the COS-7 cell culturing method mentioned above, two 12-well pates were prepared
each of which contained a set of two co-transfection groups. The two pairs of plasmids for
transfection were CRY2-mCherry-MiroTM&BICDN-GFP-CIB1, CRY2-mCherry-
MiroTM&KIF5A-GFP-CIB1. For cell death measurement, one plate was placed on the blue
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LED array for 24-hour continuous blue light illumination before imaging. The other plate
was incubated in dark for 24 hours and imaged as the 24-hour dark control.

For cell death measurement, cells were incubated in DMEM containing 1ug/ml propidium
iodide (PI) for 20 minutes. After washing with PBS twice, cells were changed to DMEM for
imaging. Using the Leica on-stage automatic setup, an area close to the center of the well
was imaged and 36 frames of images were acquired for both GFP and mCherry channels.
For the mCherry images, CRY2-mCherry-MiroTM signal was so weak compared with PI
signal that it can be filtered off by adjusting the image contrast. For almost all transfected
cells, cells were co-transfected other than single-transfected. Thus, the GFP signal from
BICDN-GFP-CIB1 or KIF5A-GFP-CIB1 was used to find co-transfected cells. GFP images
and mCherry images were merged using ImageJ. Cells with Pl stains inside nucleus were
considered as dead cells. Otherwise, they were considered as living cells. Dead cells and
living cells were counted using “CellCounter” function in ImageJ. Only transfected cells
were counted. Cell death ratio was calculated as the number of dead transfected cells over
the total number of transfected cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CIB1 is linked to truncated kinesin KIF5A. Upon blue light exposure, CIB1-CRY 2 binding

recruits kinesin motors to organelles, which drives organelles towards the plus end of

microtubule.
(B) CIB1 domain is linked to BICDN, a dynein/dynactin adaptor protein. When illuminated

(A) CRY?2 is anchored to organelles via specific organelle targeting transmembrane domain.
with blue light, CIB1 binds with CRY?2 and thus recruits dynein to organelles.

Figure 1. Schematic of Light-Controlled Motor Recruitment and Organelle Transport in Cells

Consequently, organelles are propelled towards the minus end of microtubule.
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Figure 2. Light-Induced Re-Distribution of Mitochondria in COS-7 Cells by Recruiting
Molecular Motors

(A-D) The COS-7 cell was transfected with CRY2-mCherry-MiroTM and GFP-BICDN-
CIB1. (A) Mitochondria were visualized in the red channel by CRY2-mCherry-MiroTM.
Before blue light illumination, some mitochondria were positioned close to the nucleus
while others spread throughout the cell. After blue light illumination, most mitochondria
moved towards cell nucleus as indicated by the yellow circle. (N=20) (B) The green channel
showed GFP-BICDN-CIBL diffusing in the cytosol. (C) The percentage of mitochondria
inside the yellow circle in (A) increased from 39% to 89% after intermittent light exposure
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for 60 minutes. (D) The kymograph extracted from the area indicated by yellow rectangle in
(A) showed the clear trend of mitochondria moving toward the nucleus.

(E-H) The COS-7 cell was transfected with CRY?2-mCherry-MiroTM and KIF5A-GFP-
CIB1. (E) After blue light illumination, many mitochondria moved away from the
perinuclear region (yellow circle) and some clustered at cell edge as indicated by the arrows.
(N=73) (F) KIF5A-GFP-CIBL in the same cell distributed along microtubules. (G) The
percentage of mitochondria at the perinuclear region (inside the yellow circle) decreased
from 52% to 36% after intermittent light exposure for 30 minutes. (H) The kymograph
extracted from the area indicated by yellow rectangle in (E) showed that over time,
mitochondria were actively moved towards the cell periphery.

Scale bars, 10um. See also Figure S2, Movies S1 and S2.
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Figure 3. The Distributions of Peroxisomes and Lysosomes in Cells Can Be Modulated by Light-
Induced Recruitment of Motors

(A) In the cell co-transfected with GFP-BICDN-CIB1 and PEX-mCherry-CRY 2, blue light
illumination caused peroxisomes to become highly clustered around the cell nucleus
indicated by the circle.

(B) Kymographs generated along the yellow rectangular region in (A) shows the trajectories
of peroxisomes moving toward the nucleus.
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(C) In the cell transfected with KIF5A-GFP-CIB1 and PEX-mCherry-CRY 2, blue light
illumination caused peroxisomes to move away from the cell nucleus. The circles marked
the cell nuclei.

(D) Kymographs generated along the yellow rectangular region in (C) shows peroxisomes
moving away from the nucleus.

(E) In the cell transfected with GFP-BICDN-CIB1 and LAMP-mCherry-CRY2, blue light
illumination induced lysosomes clustering around the nucleus marked by the yellow circle.
(F) Kymographs generated along the yellow rectangular region in (E) shows lysosomes
moving toward the nucleus.

(G) In the cell transfected with KIF5A-GFP-CIB1 and LAMP-mCherry-CRY 2, lysosomes
moved towards cell periphery with blue light exposure. The cell nucleus was indicated by
the eclipse.

(H) Kymographs generated along the yellow rectangular region in (G) shows lysosomes
moving toward the cell periphery.

Scale bars, 10um. See also Figure S5.
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Figure 4. Characterization of Organelle Transport by Light-Induced Recruitment of Molecular
Motors

(A) The peroxisome indicated by the yellow arrow moved along the microtubule and
towards the cell periphery by light-induced recruitment of kinesins. The cell was triple-
transfected with KIF5A-CIB1, TAU-YFP and PEX-mCherry-CRY2. Microtubules were
labeled by TAU-YFP. Z projection of peroxisomes was obtained by projecting the
maximum intensity of PEX-mCherry-CRY2 during 20 frames acquisition at 1frame/second
and was merged with GFP image, which overlaps with the underlying microtubule.
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(B) Z projection of light-induced peroxisome trajectories spreads radially from the nucleus
to cell periphery, resembling the distribution of microtubule network. The cell was triple-
transfected with KIF5A-CIB1, TAU-YFP and PEX-mCherry-CRY2. Z projection of
peroxisomes was obtained by recording the maximum intensity of PEX-mCherry-CRY?2
during 100 frames acquisition at 1frame/second.

(C) Kymographs of the indicated yellow lines (1) and (I1) in (B) show that many
peroxisomes moved towards cell periphery on the same microtubules and at a relatively
constant speed.

(D) Histogram of peroxisomes moving speeds for 177 peroxisomes in 4 cells shows an
average speed of 0.55 pm/s.

(E) Trajectories of light-induced peroxisome retrograde movement resemble the distribution
of microtubules around the center where many microtubules merged. The cell was triple-
transfected with BICDN-CIB1, TAU-YFP and PEX-mCherry-CRY2.

(F) Kymographs of the indicated lines (I11) and (V) show that peroxisomes moved along
microtubules towards cell nucleus.

(G) Histogram of peroxisomes speeds was obtained by calculating the speeds for 119
peroxisomes in 4 cells shows an average speed of 0.57 um/s.

Scale bars, 5 um (A), 10um (B, E). See also Movie S3 and S4.
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Figure 5. Light-Induced Organelle Redistribution Is Reversible and Is Dependent on Motor
Expression Level

(A) CRY2 and CIB1 binding on mitochondria membrane is reversible and repeatible. The
cell was transfected with CIB1-GFP-Miro1TM and CYR2-mCherry. Before blue light,
CIB1-GFP-MirolTM was targeted to mitochondria while CYR2PHR-mCherry was
cytosolic. Upon blue light exposure, CRY2-mCherry bound to CIB1-GFP-MirolTM and
localized to mitocondria.

(B) The same transfected cell shown in (A) was repeatedly subjected to four cycles of blue
light and dark periods. For each cycle, CRY2-mCherry was recruited to mitochondria within
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seconds of blue light illumination, while it returned to its cytosolic distribution after
incubating in dark for 10-15 minutes. Within each period of blue light illumination, the cell
was stimulated with 200-ms exposure of blue light at 9.7 W/cm?2 per 1-second interval.

(C) In the cell transfected with CRY2-mCherry-MiroTM and KIF5A-GFP-CIB1,
mitochondria were driven towards the cell periphery by intermittent blue light exposure (one
200-ms pulse per 10 second) for 30 minutes. Then the cell was incubated without blue light
stimulation and mitochondria were observed to gradually move back towards the cell
nucleus. Quantification of the percentage of the mitochondria inside the yellow circle shows
the percentage decreased from 61% to 40% after blue light stimulation and increased back to
63% after 3-hour dark incubation.

(D) The average moving distances of mitochondria after 15-minute intermittent blue light
illumination were calculated and plotted along with motor expression level. In 20 cells
double-transfected with CRY2-mCherry-MiroTM and KIF5A-GFP-CIB1, the higher the
KIF5A expression level was, the further the mitochondria moved towards cell periphery at
the end of 15-minute period (left graph). However, in 17 cells transfected with CRY2P-
mCherry-MiroTM and GFP-BICDN-CIB1, the expression level of BICDN had no obvious
influence on how far mitochondria moved towards cell nucleus during 15-minute period
(right graph).

Scale bars, 10um. See also Movie S5.
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Figure 6. Subcellular Spatial Control of Light-Induced Mitochondria Movement
(A) The COS-7 cell was transfected with CRY2-mCherry and CIB1-GFP-MiroTM. Blue

light illumination was restricted within a subcellular region of the cell (indicated by the blue
circle). Upon blue light activation, CRY2-mCherry was recruited to mitochondria only in
the targeted region, whereas it remained cytosolic in the rest of the cell. The local
recruitment can be more clearly seen in the zoomed-in images shown in the lower panel.
Later, the whole cell was illuminated with blue light and CRY2-mCherry got colocalized
with mitochondria in the whole cell (the rightmost image).

(B) In the cell co-expressing CRY2-mCherry-MiroTM and KIF5A-GFP-CIBL, only the
marked region was illuminated with intermittent blue light for 1 minute at 5-second interval.
Only in this region, mitochondria moved outwards to the cell periphery as indicated by the
white arrow while in the remaining part of the cell, mitochondria distribution remained
mostly unchanged (the middle image). Later, the whole cell was illuminated with
intermittent blue light for 15 minutes and mitochondria moved out towards cell periphery
throughout the cell as indicated by the white arrows.
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