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Methods to acutely manipulate protein interactions at the sub-
cellular level are powerful tools in cell biology. Several blue-light-
dependent optical dimerization tools have been developed. In
these systems one protein component of the dimer (the bait) is
directed to a specific subcellular location, while the other compo-
nent (the prey) is fused to the protein of interest. Upon illumina-
tion, binding of the prey to the bait results in its subcellular
redistribution. Here, we compared and quantified the extent of
light-dependent dimer occurrence in small, subcellular volumes
controlled by three such tools: Cry2/CIB1, iLID, and Magnets. We
show that both the location of the photoreceptor protein(s) in the
dimer pair and its (their) switch-off kinetics determine the sub-
cellular volume where dimer formation occurs and the amount of
protein recruited in the illuminated volume. Efficient spatial
confinement of dimer to the area of illumination is achieved when
the photosensitive component of the dimerization pair is tethered
to the membrane of intracellular compartments and when on and
off kinetics are extremely fast, as achieved with iLID or Magnets.
Magnets and the iLID variants with the fastest switch-off kinetics
induce and maintain protein dimerization in the smallest volume,
although this comes at the expense of the total amount of dimer.
These findings highlight the distinct features of different optical
dimerization systems and will be useful guides in the choice of
tools for specific applications.
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The physiological function of proteins within cells is critically
dependent on their subcellular distribution and local regu-

lation. Therefore, methods that allow manipulation of protein
localization at the subcellular level, with high spatial and temporal
precision, are powerful tools for the exploration of cell functions.
These methods are typically based on genetic manipulations (1).
While extremely powerful, genetic perturbations have limitations
due to their slow timescales (hours to days) relative to protein
dynamics of intracellular signaling networks (seconds) and many
posttranslational physiological processes (minutes).
Chemically inducible dimerization tools, usually based on the

FK506-binding protein (FKBP12) and its binding partner FRB
in the presence of rapamycin or analogs (2), provide a versatile
approach to acutely control protein recruitment to intracellular
compartments (3–5) and modulate cellular activities (6–11).
However, chemically inducible dimerization does not allow for
spatial control of dimer formation at the subcellular level, and
effects are difficult to titrate (12). The identification of light-
switchable proteins was therefore a landmark discovery in cell
biology. Light-induced dimerization based on these photore-
ceptors allows for protein perturbation with high spatial precision
and on a timescale consistent with the speed and reversibility of
intracellular reactions.
Several genetically encoded light-dependent protein dimer-

ization systems have been generated and optimized (13–27).

Upon light excitation, the photosensitive protein undergoes a
conformational change and interacts with its binding partner.
Since the photosensitive protein naturally reverts to its ground
state over time, the duration of the interaction between the two
components depends on the duration of the photostimulation
and on the switch-on and switch-off kinetics of the photorecep-
tor. The switch-off kinetic describes how long the photoreceptor
remains in its activated state once the excitation light is with-
drawn from the system. This time can vary from seconds to hours
(13–27). In a typical experimental setup, one component of the
dimer (the bait) is targeted to a cellular subcompartment, while
the other component (the prey) is expressed as a cytosolic pro-
tein. Light induces dimer formation, thus triggering the recruitment
of the prey to the organelle. The optimal system for the regulation
of biological processes at the subcellular level would allow redis-
tribution of the desired amount of protein with the highest spatial
precision and fastest on and off kinetics.
The light-dependent dimerization toolbox currently available

has been extensively reviewed (28, 29) and some studies have
provided a comparison of optical dimerizers (30, 31). However, a
systematic evaluation of the spatial control of protein dimeriza-
tion achieved by different tools under the same experimental
conditions, and on a timescale consistent with fast intracellular
processes, is still missing.
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The greatest spatial control of protein dimerization described
to date is that achieved with the Arabidopsis thaliana phyto-
chrome B and PIF system. In this system, spatial localization is
controlled by the simultaneous irradiation of different cell re-
gions with an activating red wavelength and an inactivating far-
red wavelength (15, 32, 33). The recruitment of soluble prey to
specific regions of the plasma membrane (15, 33–35) or to se-
lected subcellular compartments (32) was achieved using a mi-
croscope that simultaneously activates the photoreceptor in the
region of interest (ROI) and deactivates it outside of this area
(15). This dimerization system requires an exogenous cofactor, a
tetrapyrrole chromophore (15), which has absorption peaks in
both the red and the blue portion of the visible spectrum (21,
26), thus limiting the number of fluorescent proteins that can be
used to follow intracellular dynamics. Additionally, the cofac-
tor has to be administered (36) or expressed after cell-line
engineering (37).
The use of an optical dimerization tool where photoactivation

is achieved by a single wavelength of light allows for easier
control of protein dimerization since it only requires spatial
control by a single laser beam. Here we report a systematic in-
vestigation of the light-dependent spatial and temporal control
of protein dimerization that can be achieved at the subcellular
level with three of the most widely used blue-light-dependent
dimerization systems with rapid switch-on and switch-off kinet-
ics: Cry2-CIB1, iLID, and Magnets.
The Cry2-CIB1 system was one of the first to be developed

(17), and is probably the most widely used in cell biology (38–42).
The most commonly used variant of this system (25) is based on
the photolyase homology region of the A. thaliana photoreceptor
cryptochrome 2 (amino acids 1–498) and the 170 N-terminal
amino acids of its interacting partner, the transcription factor
CIB1. The iLID system (22) is based on the interaction between
the Escherichia coli peptide SsrA fused to the C-terminal portion
of the photosensitive LOV2 domain of Avena sativa photo-
trophin 1 and its interacting partner, SspB. Among the optical
dimerizers based on the LOV2 domain (19, 20, 22), iLID has
proven to be the most efficient at recruiting proteins to the
membranes of intracellular compartments (31). The Magnets
dimerization system was recently developed by Sato and coworkers
(24) through the multidirectional engineering of the Neurospora
crassa photoreceptor Vivid. A defining feature of Magnets is that
both components of the dimer are photoreceptors, and both must
be activated by light to achieve dimerization.
Our results highlight the parameters that control spatial con-

finement of dimer formation in small cytoplasmic volumes and
emphasize the importance of the switch-off kinetic of the
photoreceptor(s).

Results and Discussion
Subcellular Confinement of Dimer Formation with Blue-Light-Dependent
Dimerization Systems. To determine the spatial localization of dimer
formation with the three blue-light-dependent dimerization systems
we expressed constructs encoding a cytosolic prey and a bait
targeted to either the endoplasmic reticulum (ER) or mito-
chondria in fibroblastic cells (Fig. 1A). We then irradiated a 3-μm ×
3-μm ROI for 5 min with 200-ms-long blue-light pulses every 2 s
(488 nm; 7.07 W/cm2) using a confocal microscope. We observed
the behavior of the prey for each dimerization system during and
after local light irradiation and, as a control, after irradiation of the
entire cell (Fig. 1B).
We used the most widely employed configuration of the Cry2-

CIB1 system (17, 25, 31), where the photoreceptor (the photo-
lyase homology region of Cry2: CRY2PHR, amino acids 1–498;
refs. 17 and 25) is the cytosolic prey and CIBN (the 170 N-
terminal amino acids of the transcription factor CIB1; refs. 17
and 25) is the membrane-bound bait (Fig. 1A). We expressed a
cytosolic mCherry-Cry2 (mCh-Cry2) fusion protein as the prey

and CIBN as bait. The latter was fused to both EGFP and either
the N-terminal ER-targeting sequence of cytochrome b5 (ER-
CIBN) or the C-terminal mitochondrial targeting sequence of
the mitochondrial protein OMP25 (CIBN-Mito) (see Tables S1
and S2 for a detailed description of all constructs). We observed
that mCh-Cry2 rapidly populated large portions of the ER or
mitochondria, despite the restricted area of blue-light illumina-
tion (Fig. 1 C and D and Movies S1 and S2). This can be
explained by the slow (several minutes) switch-off kinetics of the
Cry2-CIBN dimer (τON

1=2 = 3.7 ± 0.9 s, τOFF
1=2 = 290 ± 30 s in vivo at

37 °C, Fig. S1 and Table S3). The activated prey (mCh-Cry2) can
therefore diffuse over a large area of the ER or the mitochon-
drial network, away from the illuminated area, both as part of a
locally generated dimer or as a soluble protein that can bind to
the membrane-bound bait outside of the irradiated region. Thus,
the switch-off kinetics not only limit temporal resolution but also
spatial resolution. A more spatially restricted formation of the
Cry2-CIBN dimer can in principle be achieved by using Cry2 as
part of the bait fusion protein rather than as a component of the
cytosolic prey. However, even in this case, diffusion of the dimer
outside of the illuminated volume would limit spatial resolution
due to the slow switch-off kinetics. Additionally, we and others
(31, 43) have found that Cry2 is less effective in CIBN recruitment
when bound to membranes. Fig. 1 C andD, Fig. S2, and Movies S3
and S4 highlight an additional problem of the Cry2-CIB1 system:
Activated Cry2 has the propensity to oligomerize, both in solution
(44, 45) and on target membranes (43), leading to the formation of
clusters. These aggregates, which are particularly well visible after
whole-cell activation, result in a delayed (or irreversible) dissoci-
ation of the dimer (Fig. S2).
The same experiments were performed using the iLID (22)

system, where the dimerization is based on the interaction be-
tween the E. coli peptide SsrA, fused to the C-terminal portion
of the LOV2 domain, and its interacting partner, SspB. In this
case, the ER-tethered or mitochondria-tethered bait was the
photoreceptor (ER-iLID or iLID-Mito, respectively) and the
prey was the cytosolic protein tgRFPt-SspB (Fig. 1A). With this
system, dimer accumulation remained spatially localized but not
completely restricted to the illuminated volume due to the dif-
fusion of dimers or photoactivated ER-iLID or iLID-Mito
monomers to nonilluminated areas of the ER or outer mito-
chondrial membrane (Fig. 1 C and D and Movies S5 and S6).
The tighter spatial confinement observed with iLID compared
with Cry2-CIB1 can be explained both by the faster dissociation
rate of the iLIDs [based on our measurement in cells at 37 °C
τON
1=2 = 2.0 ± 0.3 s and τOFF

1=2 = 28.0 ± 1.0 s measured with the Nano
variant (SspB wt); τON

1=2 = 1.5 ± 0.2 s and τOFF
1=2 = 34 ± 5 s with the

Micro variant (SspB R73Q) (Fig. S1)] and by the diffusion of the
iLID photoreceptor within a membrane rather than within
the cytosol. As a control, the entire cell was photoactivated at the
end of the experiment, showing recruitment of the prey
throughout the entire ER or mitochondrial network, with a less
intense fluorescent signal per unit surface area of these organ-
elles than with the localized recruitment, as the prey was dis-
tributed to binding sites over a much larger area. It is also worth
noting that because of the high basal affinity of SSpB for the
interacting partner (130 nM–4.7 μM for the Nano and 800 nM–

47 μM for the Micro variant; ref. 22) the interaction between the
two components of the dimer is nonnegligible before the pho-
toactivation, consistent with previous studies (31). This can ex-
plain the significant basal level of prey signal localized at the ER
or mitochondria before photoactivation (second column in Fig. 1
C and D). However, this drawback could potentially be reduced
by using recently engineered variants with higher molar affinity
(3 μM–125 μM, Milli variant; ref. 27) and with further protein
engineering.
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We next tested Magnets. An important feature of Magnets is
that both components of the dimer are photoreceptors (24) and
that both of them need to be simultaneously activated by light to

achieve dimerization (Fig. 1A). In this study, the dimerization
pair was represented by a photoreceptor with a negatively
charged dimerization interface (nMagHigh1) and a slow off

Fig. 1. Spatial confinement of light-dependent protein dimerization achieved with blue-light-dependent dimerization systems. (A) Optical dimerization systems
used. Protein photoreceptors are outlined by an orange box. The on and off kinetics of dimer formation, measured as the rate of recruitment and release of the
prey protein to amitochondria-anchored bait, in living cells at 37 °C is shown. (B) Experimental paradigm: Cells were illuminated within a 3-μm × 3-μmROI with 200-ms
blue-light pulses at 0.5 Hz for 5 min, allowed to recover in the absence of blue light for 12 min, and then illuminated over the entire surface with 200-ms blue-light
pulses at 0.5 Hz for 30 s. The localization of the bait (B) was assessed at the end of the illumination period. (C and D) Comparison of the three systems in their property
to confine bait–prey dimers to the photoexcitation area. Human fibroblastic cells expressing a soluble prey and an ER-targeted (C) or a mitochondria-targeted (D) bait,
respectively. The left columns of each row show the expression of the bait. The other images in each row show the localization of the prey at the indicated time. With
the Cry2/CIB1 and with the iLID/SspB systems dimers can be observed outside the illumination ROI in an area that increases with time. With Magnets the bait–prey
interaction is mainly limited to the area of photoexcitation, remains confined to this region, and is rapidly reversible. (Magnification: D, Insets, 1.7×.) (Scale bars: 5 μm.)
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kinetic (τOFF1=2 of 2 h) (24), which was used as the membrane-bound
bait, and a photoreceptor with a positively charged dimerization
interface (pMagFast2) and a very fast off kinetic (τOFF1=2 of 6.5 s)
(24). As reported by Kawano et al. (24), and confirmed in our
experiments, the dissociation rate of the dimer is dominated by the
component with the fastest off kinetic (Fig. S1 and Table S3). As
in the case of iLID, Magnets are well-suited to achieve protein
dimerization with high spatial resolution, because the dimer will
dissociate rapidly as it diffuses outside of the illumination vol-
ume. Moreover, given the small size of the photoreceptors
(147 aa), it is possible to generate concatamers of Magnets
components, thereby increasing the efficiency of protein re-
cruitment in small cytoplasmic volumes by increasing the avidity
of binding without considerably affecting the switch-on kinetic
of the system (Figs. S3 and S4 and Table S3). For most of our
experiments (see figure legends) we chose to use the dimeriza-
tion pair represented by nMagHigh1(2x) and pMagFast2(3x)
(Fig. 1A), whose kinetics parameters in living cells at 37 °C were
experimentally determined: τON

1=2 of 1.4 ± 0.1 s and τOFF
1=2 of 15 ± 3 s

(Fig. S1 and Table S3). The property of Magnets to confine
protein dimerization is exemplified by the two experiments
shown in Fig. 1 (Fig. 1 C and D), which demonstrate the re-
cruitment of a prey protein to small regions of the ER (Fig. 1C)
or of the mitochondrial network (Fig. 1D). In the first experi-
ment, the “negative” Magnet (nMagHigh1) (24) fused to EGFP
and to the N-terminal ER-targeting sequence of cytochrome b5
(ER-nMag) was used as the bait, while the “positive” Magnet
(pMagFast2) (24) fused to tgRFPt [pMagFast2(3x)-tgRFPt] was
used as the prey. Upon illumination, the prey was selectively
recruited to the illuminated regions of the ER. This restricted
localization persisted throughout the entire photoactivation pe-
riod and the prey rapidly dissociated from the ER when the
activating light was turned off (Fig. 1 C and D and Movie S7). As
with iLID, photoactivation of the entire cell at the end of the
experiment resulted in the recruitment of the prey, at a reduced
concentration compared with the spatially localized case, across

the whole ER. An even more localized recruitment could be
obtained upon irradiation of a 1-μm2 ROI (Fig. S5). Similar
results were obtained in cells expressing the negatively charged
Magnet fused to the C-terminal mitochondrial targeting se-
quence of OMP25 [Mito-nMagHigh1(2x)] as bait and mCherry
[pMagFast2(3x)-mCherry] as the prey (Fig. 1D and Movie S8).
In order for Magnets to dimerize properly cells need to be in-
cubated at 28 °C (24) for a few hours before the illumination
experiments. We found that 6 h of incubation at this temperature
allows for optimal functionality and we performed all of the
imaging experiments after reincubating the cells to 37 °C for at
least 1 h. This approach also works for cells that are highly
sensitive to culture conditions, such as neurons (Fig. S6 and
Movie S9).

Quantification of Dimer Formation and Spread Outside the Illumination
Volume. We quantified the degree of spatial localization provided
by each optical dimerizer in HeLa cells expressing a soluble prey
and an ER-tethered bait (Fig. 2A). To this aim we irradiated the
cells within a 3-μm × 10-μm ROI (Illumination ROI, blue rect-
angles in Fig. 2 and Fig. S7A) for 5 min with 200-ms-long blue-light
pulses every 2 s (488 nm; 7.07 W/cm2) with a confocal microscope
and observed the distribution of prey for each dimerization system.
By choosing a relatively large ROI (Fig. 2A and Fig. S7A) we
minimized variability resulting from uneven distribution of the ER
in cells. With the Cry2/CIB1 system the activated Cry2 (soluble
prey) rapidly diffused outside the region of blue-light radiation and
within a few minutes interacted with CIB1 molecules localized
throughout the entire ER (Fig. 2A and Movie S10). With the
iLID system dimerization was more spatially restricted than for
Cry2/CIB1 (Fig. 2A and Movie S11) and the use of LOV2 domain
variants (46) with faster off rates would be expected to allow for
further confinement of protein dimerization using this system.
Therefore, we tested two recently identified variants of the LOV2
domain (46) with faster switch-off kinetics: one harboring sub-
stitution V416T (τON

1=2 of 2.7 ± 0.3 s and τOFF
1=2 = 5 ± 5 s, based on

our measurement in cells at 37 °C) and another one harboring

Fig. 2. Quantification of the spatial confinement of dimer achieved by the three dimerization systems used. (A) HeLa cells expressing a soluble prey and an
ER-tethered bait were photoexcited within a 3-μm ×10-μm ROI with 200-ms blue-light pulses at 0.5 Hz for 5 min. The area of prey–bait dimer localization for
each dimerization system at 1 and 5 min after stimulation is shown. Fluorescence intensity in each time lapse is minimum–maximum-normalized (grays
inverted lookup table), background-subtracted, and filtered with Gaussian blur. (Scale bar: 10 μm.) (B) Plots indicating the spatial spread of dimers away from
the illuminated ROI for each system. The lines denote the maximum distance at which the normalized intensity has doubled over that of the intracellular basal
intensity (n = 12 cells for Cry2/CIB1, 13 for iLID, 10 for iLID V416T, 6 for iLID I427T, and 17 for Magnets; n = 3). (C) Histograms showing the peak normalized
fluorescence intensity reached by each system in the illuminated ROI after 5 min of light excitation [17.6 ± 3.4 for Cry2/CIB1, n = 12; 14.5 ± 2.2 for iLID, n = 13;
14.5 ± 2.1 for iLID V416T, n = 10; 2.9 ± 0.3 for iLID I427T, n = 6; 2.5± 0.3, n = 17 cells for Magnets (Mag); n = 3].
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substitution I427T (τON
1=2 = 1.2 ± 0.3 s and τOFF

1=2 = 4 ± 1 s) (Fig.
S1 and Movies S12 and S13). As expected, these two variants
enabled higher confinement of dimer formation, with the con-
finement of the I427T variants being similar to the one achieved by
Magnets (Fig. 2A and Movie S14).
To quantify dimer presence outside of the blue-light illumi-

nation area we analyzed the amount of prey recruited to the ER
membrane as a function of the distance from the border of the
illumination area (Fig. 2 A and B and Fig. S7A). From these
measurements we extracted the distance at which the fluores-
cence intensity had at least doubled over the basal level (more
details in Fig. S7 A and B and SI Materials and Methods). The
time and distance at which this threshold is reached is indicated
by the plot shown in Fig. 2B (additional analysis is shown in Fig.
S7C). The striking difference in dimer formation and spread with
the different systems is clear from inspection of these figures.
With the Cry2/CIB1 and the iLID systems a fluorescence in-
tensity increase of 100% over the basal value was reached within
seconds from the beginning of the delivery of the excitation light
pulses in the ROI, peaking at >10 times the basal level (Fig. 2C),
yielding substantial dimer formation over a wide surface of the
ER. After 5 min of persistent pulsed illumination the dimer-positive
distance for Cry2/CIB1 and iLID had spread over 13.5 μm. With
Magnets dimerization outside the ROI was minimal and occurred
only after about 100 s of illumination (Fig. 2B). After 5 min the
dimer-positive distance for Magnets had spread to only about 1.1 μm
outside the ROI (Fig. 2B). Interestingly, despite the facts that iLID
V416T and iLID I427T have a τOFF1=2 three and four times faster than
Magnets, respectively, they showed a spreading of dimer outside the
illumination area of 4.7 μm for iLID V416T and of 1.3 μm for iLID
I427T after 5 min of radiation (Fig. 2B). The ratios between the
dimer-positive area for each dimerization system and the area of light
radiation are shown in Fig. S7D.
These results suggest that the higher spatial confinement of

the dimer generated by Magnets cannot simply be explained by
the faster switch-off kinetic of this system. Furthermore, with
Magnets the same spatial confinement of protein dimerization
was observed both upon illumination of the ROI after prolonged
dark exposure, or after a brief whole-cell illumination followed
by a few minutes of darkness, that is, under conditions when the
entire pool of the bait [nMagHigh1(2x)] is still active given its
switch-off kinetic of hours (24) (Fig. S8). Thus, an important
contributor to the high spatial confinement achieved by our
Magnets configuration is the limited amount of activated prey (i.e.,
the amount of cytosolic prey present in the area of light radiation).
A higher degree of spatial confinement of the induced dimer

comes at the expense of the total amount of locally recruited
prey, as both with iLID I427T and with Magnets only a two- to
threefold intensity increase in the amount of prey in the illumi-
nation area was observed (Fig. 2C and Fig. S7C). Importantly,
we ruled out that inefficient optical activation by Magnets and of
the iLID with fast off kinetics contributed to the lower amount of
dimers formed under local illumination conditions. Local irra-
diation, in fact, was perfomed delivering blue-light power per
surface (7.07 W/cm2) 3,000 times higher compared with that suffi-
cient to achieve a complete activation of the systems in whole-cell
activation experiments (3 × 10−3 W/cm2).

Comparison of Optical Dimerization Systems in Whole-Cell Activation
Experiments. To compare the efficiency of these three optical
dimerization tools in whole-cell activation conditions we per-
fomed optically dependent knocksideways (47–49) experiments:
acute depletion of the prey from the cytosol by global illumina-
tion of cells expressing the bait at the surface of mitochondria
(Movie S15). Human primary fibroblasts were transfected with
the same constructs described above, irradiated for 1 min with
200-ms-long blue-light pulses every 2 s (488 nm; 3 × 10−3 W/cm2)

using a confocal microscope, and loss of prey from a cytosolic
ROI excluding mitochondria was measured (Fig. 3 A and B).
Magnets were almost as effective as the Cry2/CIB1 system and
more efficient than iLID in inducing the redistribuition of prey
to mitochondria. Note that with iLID and Magnets the inter-
ruption of illumination is associated with a faster release and re-
distribution of the prey into the cytosol due to their faster switch-off
kinetics compared with the Cry2/CIB1 system.
The three systems were also similarly efficient in the re-

cruitment of an enzyme to the plasma membrane to catalyze a
metabolic reaction. This was shown by cotransfection of COS7
cells with the phosphatidylinositol-4,5-biphosphate [PI(4,5)P2]
reporter iRFP-PHPLCδ, a plasma membrane bait and an inositol
5-phosphatase prey (see Fig. 3C and SI Materials and Methods for
construct details for each dimerization system). As shown in Fig.
3D, Cry2/CIB1, iLID, and Magnets are equally efficient and
share a similar on rate in the recruitment of the phosphatase and
in the dephosphorylation of plasma membrane PI(4,5)P2. How-
ever, the recovery of PI(4,5)P2 levels at the plasma membrane is
much faster with iLID and even more with Magnets (Fig. 3D)
because of the faster switch-off kinetics. An example of the fast on
and off cycling of PI(4,5)P2 dephosphorylation (followed by resyn-
thesis) achieved by Magnets is shown in Fig. 3E (Movie S16).

Light-Dependent Regulation of Protein Function at Single-Organelle
Resolution. Since iLID and Magnets are functional when the
photoreceptor is targeted to intracellular membranes they are
suitable tools to control protein dimerization at the single-
organelle level. This is not possible with the Cry2/CIB1 system in
its most widely used configuration (photoreceptor as the prey)
because of the rapid diffusion of the prey as shown in Fig. 1 C
and D. As an example, we show that Magnets not only enables
control of protein recruitment on microdomains of large or-
ganelles (Fig. 1) but can also be used for experimental manip-
ulations at the level of a single small organelle, such as a single
lysosome or endosome, as is shown in Fig. 4 A and B and Movies
S17 and S18. When using an endosome-targeted Magnet as the
bait (Rab5-nMag) and a Magnet fusion protein of the inositol 3-
phosphatase myotubularin 1 [mCherry-pMagFast2(3x)-MTMR1]
as the prey (Fig. 4C), levels of PI3P (an identity tag of early
endosomes) could be reduced selectively and reversibly (within
less than 1 min) on a single endosome, with the same efficiency
as when the enzyme is recruited to endosomes via whole-cell
irradiation (Fig. 4 D and E and Fig. S9 A and B).
All experimental procedures involving the use of mice were

performed in agreement with the Yale University Institutional
Animal Care and Use Committee.

Conclusions
The discovery and characterization of new photoreceptors in
plants, fungi, and bacteria (50–52), combined with the directional
engineering of these photoreceptors (20, 22, 25, 27), provides us
with a growing palette of optical dimerization tools. These tools
have demonstrated their utility in manipulating intracellular sig-
naling pathways (40, 53, 54) and in investigating protein function at
the subcellular (15, 32, 41, 55–57) and cellular level (13, 14, 16–19,
23, 24, 38–40, 53) in cell culture and in living organisms (26, 34, 58,
59). Since the spatial and temporal scale of biological processes is
highly variable, it is important to choose for each application an
optical dimerization pair that achieves the optimal recruitment
pattern, spatial confinement, and speed.
In this study we have compared the properties of three dimer-

ization systems, with emphasis on their ability to control protein
interaction with high temporal resolution and spatial subcellular
precision. While our study is focused on only three of several di-
merization systems developed in recent years (refs. 13–27, 60; see
ref. 28 for a complete review), the factors affecting dimer forma-
tion and spread revealed by our experiments are expected to apply
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also to other systems. Our results reveal that when protein dimer-
ization is elicited in the entire cell all of the blue-light-dependent
dimerization tools investigated, Cry2/CIB1, iLID, and Magnets, are

similarly effective, and the temporal regulation of the biological
response depends on the switch-off kinetics of each system. For
applications that require protein relocation not only on a fast

Fig. 3. Comparison of the property of the three systems to recruit a prey to a membrane-bound bait upon global cell illumination. (A and B) Comparison of
the efficiency of the three light-dependent dimerization systems in the blue-light-dependent (200-ms pulses at 0.5 Hz for 1 min) removal of a protein from the
soluble cytosolic phase by sequestering it to the outer surface of mitochondria (so-called knocksideways; ref. 47) in human primary fibroblasts. Confocal
microsopy images are shown in A (Scale bar: 10 μm; grays lookup table) and the quantification of the data is shown in B. Curves in B show a soluble prey’s
removal from, and then reappearance into, the cytosol (the cytosolic ROI is indicated with a white circle). The region enclosed in the black box (Left) is shown
at an expanded timescale (Right). n = 23 for Cry2/CIB1, 27 for iLID Nano, and 20 for Magnets; three independent experiments. Data were examined with a
two-way ANOVA followed by Tukey’s multiple comparison test, both performed with GraphPad Prism. (C and D) Comparison of the efficiency and speed of
the three light-dependent dimerization systems in the recruitment to the plasma membrane of an inositol 5-phosphstase (5ptaseOCRL) to induce loss of PI(4,5)P2,
as detected by the PI(4,5)P2 probe iRFP-PHPLCδ in this membrane in COS7 cells. The cartoon in C shows the experimental setup. (D) The three systems have
similar efficiency in depleting PI(4,5)P2, but recovery is much faster with iLID and Magnets (n = 10 for Cry2/CIBN, 12 cells for iLID, and 12 cells for Magnets;
three independent experiments). An example of the speed and reversibility of Magnets is further illustrated in E, which shows HeLa cell expressing PM-nMag(3x),
mCh-pMagFast2(3x)-5ptaseOCRL, and the PI(4,5)P2 reporter iRFP-PHPLCδ. Blue-light illumination cycles were applied as 200-ms pulses at 0.5 Hz for 60 s every 1.5 min. iRFP
fluorescence detected by confocal microscopy (Left) and its quantification at the cell periphery [thus reflecting PI(4,5)P2 dynamics] (Right) are shown. (Scale bar: 5 μm.)
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timescale (seconds) but also in a small subcellular region the iLID
system, and to an even greater extent the Magnets system, are well-
suited tools, once again because of their fast switch-off kinetics
relative to the Cry2/CIB1. Results may vary depending on which of
the two elements of the dimerization pairs are used as bait and
prey. With the iLID configuration used in our study (photoreceptor
as the bait on the membrane) the dimer rapidly dissociates as it
diffuses outside the area of light radiation due to the very fast
switch-off kinetic of the photoreceptor. The same applies to the
Magnets system used (the photoreceptor with slow switch-off ki-
netics is the membrane-bound bait, while the cognate photore-
ceptor with fast switch-off kinetics is the prey). While with the iLID
system the entire cytosolic pool of prey could participate in dimer
formation even after local irradiation, with the Magnet system only
the pool of cytosolic photoreceptor present in the irradiated volume

could interact with the prey, so that a lower amount of dimer was
formed, restricting the presence of dimer outside the illuminated
volume. As demonstrated by the experiments described in this
paper (Figs. 3 and 4), at least for some applications, the amount of
dimerization achieved is sufficient to elicit the desired effect.
Consideration of how different parameters of each optical

dimerization system are tightly interrelated is critical to achieve
optimal results for any given application.
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