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Abstract
The dynamics and interactions of cellular organelles underlie
many aspects of cellular functioning. Until recently, assess-
ment of organelle dynamics has been primarily observational
or required whole-cell perturbations to assess the implications
of altered organelle motility and positioning. However, thanks
to recently developed and optimized intervention strategies, we
now have the ability to control organelles in their unperturbed
state, altering organelle positioning, membrane trafficking
pathways, as well as organelle interactions. This can be
performed both globally and locally, giving fine control over the
range, reversibility, and extent of organelle dynamics. Here, we
describe how these tools are currently used for controlling
organelles and give insight into the exciting future of this
emerging field.
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Introduction
Organelles are highly dynamic, with the capacity to
constantly and rapidly change their motility, positioning,

morphology, identity, and interactions as required.
Organelle motility and positioning are primarily medi-
ated by molecular motors and adaptors, linking the
www.sciencedirect.com
organelle membrane to the cytoskeleton. The recruit-
ment of specific motors and adaptors can result in spe-
cific positioning of the organelle (for a review, see
Ref. [1]). This regulated positioning of organelles is
crucial for organelle inheritance in cell division, allows

the efficient trafficking of intracellular cargo during
exocytosis and endocytosis, and is especially important
in polarized cells such as neuronal and epithelial cells. In
addition, it is becoming increasingly clear that most or-
ganelles form extensive contact with each other. These
interactions, typically mediated by membrane contact
sites, are required for a variety of cell functions [2]. In
some cases, organelle contacts also influence their dy-
namics and positioning, resulting in intriguing coopera-
tion between the dynamics provided by molecular
motors and the stability provided by organelle mem-

brane contact sites.

Inducible dimerization systems, both chemical and
optogenetic, have been widely used to control various
aspects of cell biology. These techniques involve fusing
dimerization domains with two proteins of interest,
inducing dimerization through exposure to light
(optogenetics) or a chemical ligand. Forcing the
dimerization of two proteins has been used to regulate
signaling cascades, induce transcription, or encourage
post-translational modifications of proteins. Over

recent years, these tools have shown many further ap-
plications, including the manipulation and observation
of organelle dynamics (see Figure 1). The ability to
recruit proteins to specific subcellular sites opens the
possibility to induce and observe the dynamic behavior
of organelles in keeping with the cell environment,
with acute spatiotemporal control. This helps to un-
cover new biological processes, reveal the behavior of
specific proteins, and describe the causeeconsequence
relationships of organelle dynamics and interaction.
Here, we present a brief review of the use of inducible

systems for the control of organelle dynamics and
positioning via molecular motors. We then explore the
currently emerging use of these techniques in mem-
brane trafficking and organelle membrane contacts. We
also provide an overview of available modules and a
brief look at how these methods can be optimized for
various experimental purposes.
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Figure 1

Control of organelle dynamics and interaction via inducible dimerization modules. (i) Control of organelle positioning can be mediated by targeting one-
half of a light-inducible or chemical-inducible dimerization domain to an organelle cargo, and one-half to a molecular motor, inducing organelle transport.
(ii) Secretory pathways can be induced and monitored through the release of secretory cargo following retention at the ER. (iii) Clathrin-mediated
endocytosis can be induced through the recruitment of a clathrin hook to the plasma membrane. (iv) Targeting dimerization domains to opposing
organelle membranes brings the organelles in close proximity, inducing organelle membrane contact sites.
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Control of organelle positioning
Inducible motor recruitment
One of the earlier uses of inducible dimerization for
organelle biology was to functionally examine molecular
motors in induced organelle transport experiments
[3,4]. Targeting one half of the dimerization module to
an organelle and the other to a motor allows the

inducible initiation of cargo transport (Figure 1(i)).
Such systems have been used to reposition organelles
both to the cell periphery and perinuclear region,
providing an array of options for probing organelle dy-
namics [4e6].

Standardizing such repositioning experiments to a single
organelle, the peroxisome, has allowed the spatial
selectivity of specific motors to be uncovered; for
example, revealing how microtubule-binding proteins
and microtubule orientations in neurons cause certain

kinesins and dynein to selectively transport cargo into
the axon and dendrites, respectively [7,8]. Such
induced polarized transport has also been recapitulated
in the model organism Caenorhabditis elegans [9]. Linking
motor adaptors to organelle membranes rather than the
motors themselves has allowed the roles and kinetics of
endogenous motors to be revealed and the specific
Current Opinion in Cell Biology 2021, 71:69–76
selectivity of these adaptors [3,10,11]. Conversely,
standardizing the assay to already well-characterized
molecular motors and varying the membrane targeting

sequence has revealed the role of specific organelles in
various processes. Controlling the positioning of specific
endosome populations in neuronal cells has shown their
role in axonal [12] and neurite [13] outgrowth and
glutamate A1 (GluA1) receptor expression at the syn-
apse [14]. Similarly, utilizing the both chemically
inducible and photocleavable dimerization module
zapalog showed actin-dependent anchoring of mito-
chondria at the presynaptic region [15��].

Inducible recruitment of motors to organelles has also

provided insights into their role in influencing organelle
identity; endosome maturation in the endocytic
pathway is influenced by the engagement of myosin VI
[16], and transmembrane protein 55B (TMEM55B)- or
c-Jun NH2-terminal kinase-interacting protein 4 (JIP4)-
mediated dynein-dependent transport of lysosomes
encourages clustering of the organelles and prevents
lysosome-autophagosome fusion [17]. In epithelial cells,
where microtubule minus-ends are clustered near the
apical surface, recruitment of the minus end-directed
www.sciencedirect.com

www.sciencedirect.com/science/journal/09550674


Control of Organelle Dynamics and Interactions Passmore et al. 71
kinesin KIFC3 has been used to transport peroxisomes
to cilia for the delivery of cholesterol [18].

Future prospects
Such controlled positioning of organelles gives valuable
insight into both organelle function and the involved
molecular motors, but the effects of organelle
displacement remain little studied. Following induced
mislocalization, not all types of organelles recover their
original distribution similarly, with varying speeds and
levels of recovery per organelle, indicating such effects

are physiological instead of a result of the method of
induced dimerization [19, 20��]. These understudied
variances will be a fascinating aspect of membrane dy-
namics to be further studied in the future, as well as
other long-term effects of repositioning, such as the
effects of altered organelle positioning on inheritance
and cell cycle progression.

The act of repositioning an organelle also provides
another intriguing possibility e that of an ‘intracellular
pull-down’ assay. The induced motility of an organelle

combined with fluorescently labelling a target of inter-
est (such as a protein or mRNA) will reveal its associa-
tion with the repositioned organelle. This approach has
been utilized to show that early endosome antigen 1
(EEA1) mRNA transcripts associate with specific en-
dosome subpopulations [21] and has the potential for
many interesting uses in the future, including for the
assessment of organelle tethering (see Control of
Organelle Interaction).

As a result of the opportunities provided by inducible

dimerization systems, organelle dynamics and posi-
tioning are no longer just observational e the functions
and consequences can now be controlled with high
precision, greatly furthering this fascinating aspect of
organelle biology. In the future, we expect to see the
continuous development of such tools and more roles of
the positioning of organelles inside cells to be revealed.
Control of membrane trafficking
Membrane trafficking requires the coordinated inter-
play between several organelles and molecular motors to
mediate the shuttling between them. The spatiotem-
poral dynamics of membrane trafficking has historically
been difficult to quantify due to a lack of appropriate
tools. The reversibility of some inducible dimerization
systems opened the way to synchronize trafficking

pathways for the robust assessment of membrane
trafficking.

Controlling exocytosis
The retention using selective hooks (RUSH) assay
utilizes this reversibility to stably ‘hook’ a secretory re-
porter protein of interest to the ER membrane [22]
(Figure 1(ii)). Heterodimerization of the reporter
www.sciencedirect.com
protein to the hook is established using streptavidin,
which then dissociates in the presence of biotin. The
procession of reporter protein from the ER to the Golgi
apparatus, capture in post-Golgi vesicles, and finally
secretion at the plasma membrane can be tracked in
real-time, with simultaneous imaging of fluorescent-
tagged markers of interest.

Enhancement of this technique with optogenetics has
allowed finer control over the forward trafficking of
secretory proteins. This spatial control has allowed local
assessment of secretory dynamics in neurons by
releasing the reporter protein in only the dendrites or
the soma of the neuron. The secretory glycoprotein
vesicular stomatitis virus glycoprotein (VSVG), when
released from the ER near dendritic branch points using
the UV-sensitive homodimer UV-B receptor 8 (UVR8),
appears to traffic to the local dendritic Golgi outposts
rather than disperse globally [23]. Taking this further,

Bourke and colleagues increased spatiotemporal reso-
lution by developing a photocleavable zapalog-mediated
ER trap (zapERtrap) [24]. Using this system to examine
the secretory dynamics of the synaptic proteins neuro-
ligin 1 (NL1) and GluA1, they demonstrated differ-
ences in the timing and amount of surface delivery
between these proteins and observed that these kinetics
varied with the site of release within the neuron, be it
from the soma or dendrites.

Controlling endocytosis
Membrane trafficking in endocytosis has been probed
with both chemical and optogenetic techniques. Wood
and colleagues described how clathrin-mediated endo-

cytosis can be ‘hot-wired’, inducing dimerization of a
clathrin-binding protein fragment to the plasma mem-
brane causes a clathrin pit to form [25] (Figure 1(iii)).
This can occur both globally with the rapalog system and
locally utilizing optogenetics.

Future prospects
Due to the acute spatiotemporal control of membrane
trafficking provided by these techniques, it is now
possible to reveal the specific timings, localizations, and
specificity of the exocytic/secretory and endocytic
pathways with unprecedented precision. In the future,
this will reveal more specific trafficking pathways, as

well as the regulatory systems and organelle dynamics
that underlie them.
Control of organelle interactions
While the compartmentalization of cells into distinct

organelles is crucial to allow simultaneous regulation of
multiple metabolic pathways at once, it is now clear that
no organelle is as independent as previously thought. It
is apparent that there is a level of interaction between
organelles beyond membrane trafficking; direct contacts
have been observed between most, if not all, organelles
Current Opinion in Cell Biology 2021, 71:69–76
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Table 1

Overview of available systems for controlled dimerization.

Mode of action System
core

Cofactor Activation method Activation time Inactivation
method

Inactivation time Example References

Induced blue-light
sensitive
heterodimerization

LOV domains Flavina Blue light Seconds Darkness Seconds to hours
(variants available)

TULIP [9,12,16,25,45]

iLID [20��, 31,34,40,46]
LOVTRAP [47]
Magnets [48]
eMags [35�]

Cryptochromes Flavina Blue light Seconds Darkness Minutes CRY2/CIB [5,13,36,41,49]
Induced blue-light

sensitive
homodimerization

LOV domains Flavina Blue light Seconds Darkness Seconds to hours
(variants available)

VIVID [20��, 50]

UV-light sensitive
homodimerization

UV receptors None UV light Milliseconds Darkness Hours UVR8/UVR8 [23]

Red/Far-red-light
sensitive
heterodimerization

Plant phytochromes PCBb Red light Milliseconds Far-red light Milliseconds PhyB/PIF3 [6]
Bacterial

phytochromes
Biliverdinc Far-red light Seconds Red light Seconds BphP1/Q-PAS1 [51]

Chemically induced
heterodimerization

mTOR/rapamycin None Rapalog addition Seconds to
minutes

Irreversible N/A FKBP/FRB [3,4,7,8,10,14,16–18,21,
25,30,32,33,42,52]

GID1/gibberellin None Gibberellin addition Seconds to
minutes

Irreversible N/A GID1/GAI [10,53]

Chemically induced
homodimerization

mTOR/rapamycin None Rapalog addition Seconds to
minutes

Irreversible N/A FKBP/FKBP [43,44]

Chemically induced
heterotrimerization

mTOR/rapamycin None Rapalog addition Seconds to minutes Irreversible N/A Split-FRB/FKBP
Split-FKBP/FRB

[37�]

Chemically reversed
heterodimerization

Streptavidin/biotin None Biotin additiond Seconds to
minutes

Irreversible N/A RUSH [22]

RAMP [19]
Photocleavable

chemically induced
heterodimerization

cTMP-Htag None UV light Milliseconds Irreversible N/A Halo/DFHR [54]

Zapalog None UV light Milliseconds Influx of unlysed
compound

Seconds FKBP/DFHR [15��, 24]

a Endogenously available in all mammalian systems.
b Needs to be supplemented in mammalian systems.
c Endogenously available in some mammalian systems.
d Needs to be depleted from most mammalian systems.
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[26]. Membrane contacts play major roles in signaling
pathways, lipid transport, metabolic channeling, and
organelle dynamics, with direct implications to health
and disease [2]. Organelle membrane contact sites are
typically around 30 nm, with the opposing membranes
brought together by tethering and spacing proteins [27].
Therefore, methods to bring together opposing mem-
branes while avoiding membrane fusion are extremely

useful to assess the function of organelle contact sites
and interaction. For an overview of other techniques
used to observe membrane contact sites, see Ref. [28].
Bridging the gap between two membranes to induce
contact has been achieved using artificial chimeric
tethers composed of two organelle adaptor domains
[29], but these could be improved using inducible or
photocleavable tethers (Figure 1(iv)).

Calcium signaling
The extensive contacts of the ER with other organelles
are critically involved in calcium ion (Ca2þ) signaling.
Inducible linkage of ER to the plasma membrane (PM)
has revealed the role of ER-PM contact during store-

operated calcium entry (SOCE), demonstrating that
the ER-resident calcium sensor stromal interaction
molecule 1 (STIM1) interacts with the PM-resident
Ca2þ channel calcium release-activated calcium chan-
nel protein 1 (ORAI1) to facilitate Ca2þ uptake by the
cell [28,30]. Prior to activation during SOCE, STIM1
tracks the ends of growing microtubules as part of the
tip attachment complex, where it plays a role in ER
remodeling. STIM1 is activated by oligomerization,
which releases STIM1 from the microtubule plus ends
to migrate into ERePM contacts. Inducing STIM1

oligomerization allowed further characterization of
STIM1-microtubule and STIM1-PM interactions [31].
Mitochondria are also involved in Ca2þ signaling, and
inducing ER-mitochondria contacts revealed an ER-
mitochondria interface microdomain for Ca2þ transfer
between the organelles [32].

Lipid trafficking
Membrane contact sites are critical in lipid trafficking,
exchanging lipids between organelles via lipid transfer
proteins (LTPs) localized at the contact sites. The
accumulation of lipid at sites of organelle interaction has
been visualized by chemically inducing ER-

mitochondria contacts and monitoring the transfer of
fluorescently labelled phosphatidylserine [33]. Opto-
genetic ER-mitochondria tethering may provide further
insight into the ER-mitochondria lipid exchange in the
future [34]. Benedetti and colleagues recently intro-
duced the optimized blue light-sensitive hetero-
dimerization module eMags, demonstrating its
capability to induce ER-lysosome, ER-mitochondria,
and mitochondria-lysosome contact sites [35�]. In
addition, the authors engineered an optogenetic ER-
organelle contact site inducer ‘Opto-VAP’ by restoring
www.sciencedirect.com
a split version of the ER-organelle tether vesicle-
associated membrane protein-associated protein B
(VAPB) using eMags. One-half of Opto-VAP contains
the VAP major sperm protein (MSP) domain, which
binds to phenylalanine-phenylalanine-acidic-tract
(FFAT)-motif-containing proteins to facilitate ER-
organelle membrane contact sites. Activating Opto-
VAP induces ER-organelle contact sites, as demon-

strated by the exchange of trans-Golgi network (TGN)-
derived PI4P for cholesterol from the ER at ER-TGN
contacts [35�]. By using local illumination, opto-
genetic systems can be used to induce spatially
restricted stimuli. For example, recruiting the phos-
phatase inositol polyphosphate 5-phosphatase (OCRL)
to the PM depletes PI(4,5)P2 locally, thereby destabi-
lizing the ER-PM tethering component E-Syts,
demonstrating a role of lipids, as well as Ca2þ in ER-PM
junctions [36].

Inducible trimerization
As all possible contact pairs have been demonstrated
between the ER, PM, and mitochondria, it follows that

there may be the presence of a triple contact site for
these three organelles and that this may play a role in
Ca2þ signaling and/or lipid homeostasis. In order to
provide tools for the induction of triple membrane
contact sites, Wu and colleagues developed the first
chemically-inducible heterotrimerization system [37�],
modifying the rapalog system by splitting either one of
the respective heterodimer FK506 binding protein
(FKBP) and FKBP-rapamycin binding domain (FRB)
modules into its own heterodimer. The authors
demonstrated that the system could stably induce triple

ER-PM-mitochondria contact sites. In addition, this
method allows the recruitment of proteins of interest to
an induced contact site, demonstrated by recruiting the
yeast phosphatase phosphatidylinositol 4,5-
bisphosphate 5-phosphatase (Inp54p) to the ER-PM
contact site for local depletion of PI(4,5)P2 [37�].

Future prospects
Similar to the aforementioned intracellular pull-down
assay (see ‘Control of Organelle Positioning’), a different
approach to visualize organelle membrane contact sites
is to use inducible organelle redistribution to track the
response of any possible connected organelles. It is well-

known that the ER maintains contact sites with many
different organelles [38,39]. We recently demonstrated
that optogenetically induced lysosome repositioning
remodels the ER structure through membrane
anchoring [40]. This situation highlights an interesting
cooperation between the seemingly antagonistic organ-
elle motility and tethering to regulate cell processes.

The combination of newly optimized inducible/cleav-
able dimerization systems and the emerging field of
organelle contact sites results in some exciting prospects
Current Opinion in Cell Biology 2021, 71:69–76
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for future research. Similar to the field of membrane
trafficking, these tools push the study of membrane
contact sites beyond observational, to elucidate their
distinct roles in various processes. We expect that it will
become increasingly common to apply such dimer/
trimerization systems to induce organelle membrane
contact, expanding our currently limited view on exactly
which organelles maintain contact and under which

conditions they do so.
Optimization of experiments
Optimizing dimerization domains
With multiple uses emerging, and multiple dimeriza-

tion domains being discovered, engineered, and opti-
mized, there are many factors influencing the choice
and optimization of constructs used for control of
organelle positioning, membrane trafficking, and
organelle interaction. First and foremost is the choice of
dimerization module, where tunable differences in
dynamic range, reversibility, and dark-state activation
need to be considered (Table 1). Broadly, chemical-
based systems provide a more high-throughput work-
flow and are less leaky, but rely on the diffusion of
sometimes costly compounds for activation, are poorly

reversible, and lacking in spatiotemporal control.
Optogenetic systems provide local activation and
reversibility but show higher degrees of unwanted
preinduction due to ambient light and require more
specific microscopy setups. When designing new ex-
periments, it may be beneficial to start with chemical-
induced systems for robustness and switch to opto-
genetics for finer control.

Optimizing organelle targeting
The requirement of many of these applications to
target at least one-half of a dimer pair to an organelle
membrane means that these targeting sequences need
to be carefully chosen and validated to minimize

mislocalization and dual-localization, and limit artifacts
such as clustering or morphological changes of the
labelled organelles. For the assessment of membrane
contact sites, be aware of the size of the induced
dimer; the spacing, depending on the proteins targeted
to the respective membranes, may not allow other
proteins to enter and be functional at the induced
contact site [30,32]. Finally, for the assessment of
motor behavior, it is important to be aware that
targeting different cargoes may produce differences in
performance due to variances in load on the motor or

different effects from the pulling forces. Indeed,
optogenetic recruitment of motors to mitochondria can
cause repositioning but also has the capability to
remodel the mitochondrial membrane and induce
morphological changes [41].
Current Opinion in Cell Biology 2021, 71:69–76
Optimizing motor selection
For optimizing repositioning of organelles via dimeriza-
tion to a molecular motor, several things can be
considered. Both monomeric and dimeric versions of a
motor of interest can be investigated; these single-
headed or double-headed kinesins have different me-
chanics, speeds, and pulling forces [42]. An additional
optogenetic step that combines inducible dimerization
of the molecular motor with recruitment to an organelle
(opto-kinesin) helps to prevent premature activation
and improves responsiveness [20��]. Kinesins have also

been engineered that are chemically inhibitable,
providing more options for the assessment of motor-
cargo behavior [43,44].

Optimizing expression
Further improvements can be made by carefully
modulating the expression levels of the constructs.
Levels can either be measured and the response
recorded, polycistronic vectors can be used for equi-
molar expression levels of the dimerization pair, or
ideally, stable cell lines can be generated [20��]. As
well as expression levels, titration of the inducer can
also aid optimization; varying the concentration of

chemical/cofactor or experimenting with light in-
tensity/duration can both be useful.
Conclusions
While previous work has laid a valuable foundation to

get insight into the extent and function of organelle
dynamics and interaction, recent advances in the
development of inducible and cleavable dimerization
systems are allowing for a lot more control over these
processes. There is now a vast array of options and uses,
giving countless possibilities for control, and this is only
set to increase over the next few years. We envisage
future tools that combine the advantages of the above
and limit the drawbacks, to make spatially activatable,
stably inducible, and reversible systems with the
increased capability of prolonged activation/stimula-

tion. These techniques can also be used at the tissue
and whole organism scale, providing further insights
in vivo. An exciting prospect is the possibility of a
closed-feedback loop setup e simultaneous reversible
dimerization combined with monitoring by imaging
software could allow these processes to be interrogated
in an automated way to establish specific organelle
distributions. The advancement of these fields by the
tools presented in this review is certainly only just
beginning.
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