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ABSTRACT: The photoreceptor cryptochrome 2 (CRY2)
has become a powerful optogenetic tool that allows light-
inducible manipulation of various signaling pathways and
cellular processes in mammalian cells with high spatiotemporal
precision and ease of application. However, it has also been
shown that the behavior of CRY2 under blue light is complex,
as the photoexcited CRY2 can both undergo homo-
oligomerization and heterodimerization by binding to its
dimerization partner CIB1. To better understand the light-
induced CRY2 activities in mammalian cells, this article
systematically characterizes CRY2 homo-oligomerization in
different cellular compartments, as well as how CRY2 homo-
oligomerization and heterodimerization activities affect each
other. Quantitative analysis reveals that membrane-bound CRY2 has drastically enhanced oligomerization activity compared to
that of its cytoplasmic form. While CRY2 homo-oligomerization and CRY2-CIB1 heterodimerization could happen
concomitantly, the presence of certain CIB1 fusion proteins can suppress CRY2 homo-oligomerization. However, the homo-
oligomerization of cytoplasmic CRY2 can be significantly intensified by its recruitment to the membrane via interaction with the
membrane-bound CIB1. These results contribute to the understanding of the light-inducible CRY2-CRY2 and CRY2-CIB1
interaction systems and can be used as a guide to establish new strategies utilizing the dual optogenetic characteristics of CRY2 to
probe cellular processes.
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Optogenetics uses genetically encoded light-sensitive
proteins to achieve light-inducible spatial and temporal

control of signaling events and cellular processes in living
cells.1−3 Cryptochromes, a family of blue light-sensitive
photoreceptors found in all three major evolutionary lineages
from bacteria to plants and animals,4−6 have recently drawn the
attention of the optogenetics field due to their ease of
application that require no exogenous cofactors, low-level of
activation light, and reversibility. Initially characterized from the
plant Arabidopsis thaliana, cryptochrome 2 (CRY2) mediates
light regulation of cell elongation and photoperiodic flower-
ing.7−9 CRY2 uses the ubiquitously expressed flavin as its
chromophore to absorb blue light in the range of 430−490
nm.10 Kennedy et al. showed that, upon blue light activation,
the photoexcited CRY2 changes its conformation and can
rapidly heterodimerize with its binding partner CRY-interacting
bHLH 1(CIB1) within subseconds after light illumination in
mammalian cells.11 Upon blue light withdrawal, the CRY2-
CIB1 pair dissociates with a half-life of ∼5.5 min, and this light-
activated interaction can be repeatedly induced over many
cycles.11 Within the last five years, the CRY2-CIB1 system has
been employed in efforts to manipulate a wide array of
intracellular signals in mammalian cells.11−18 Some notable

examples include precisely controlling the plasma membrane
phosphoinositide metabolism,12 regulating specific gene tran-
scription in neurons and in living animals,16 or optogenetically
activating the Raf/MEK/ERK cascade to trigger neurite
outgrowth in PC12 cells in the absence of growth factors.18

While having great potentials in optogenetic applications,
light-induced CRY2-CIB1 interaction, however, is complicated
by the fact that the photoexcited CRY2 can also self-
oligomerize to form clusters. The oligomeric characteristic of
CRY2 upon blue light activation was previously observed in
plant cells, where it was hypothesized that the photoexcited
CRY2 formed photobodies to increase the local concentration
of the photoreceptor and facilitate the interaction of CRY2 with
other proteins.19,20 However, the application of this property in
mammalian cells has only been reported within the past two
years.21 Nevertheless, the oligomerization effect of CRY2 has
rapidly gained popularity as a new method to modulate
protein−protein interactions and cell functions. Cytosolic
CRY2 clustering effect was employed to induce cytoskeletal
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remodeling through the RhoA pathway in HEK293T cells,21

modulate the activity of the serine/threonine-specific protein
kinase RAF,22 control cell polarity and migration through an
optically controlled fibroblast growth factor receptors con-
struct,23 or to inhibit target signaling proteins that modulate the
cytoskeleton, lipid signaling, and cell cycle in HeLa cells.24

Most recently, a new variant of CRY2 has been developed to
enhance the clustering effect of the protein with potential
application in new optogenetic studies.25

As both CRY2 homo-oligomerization and CRY2-CIB1
heterodimerization are getting widely utilized in optogenetic
studies, it is now imperative to understand how the two light-
dependent responses of CRY2 might interact or interfere with
each other in an optogenetic system. In this work, we have
systematically characterized CRY2 oligomerization under
various conditions and in the absence or presence of interacting
CIB1 proteins. We found that compared to cytoplasmic CRY2,
membrane-bound CRY2 oligomerizes more readily, resulting in

Figure 1. Membrane-bound CRY2 exhibit drastically enhanced oligomerization upon blue light stimulation. The cells were illuminated with
intermittent 200 ms blue light pulse at every 5 s. (a) Cytoplasmic CRY2-mCh forms a few clusters upon blue light activation (yellow arrows). (b−d)
Blue light stimulation induces dramatic cluster formation when CRY2 is tethered to various cellular membranes such as the ER membrane (b),
plasma membrane (c), and mitochondrial outer membrane (d). (e) A light-insensitive mutant CRY2(D387A) localized on the ER membrane
(CRY2(D387A)-mCh-Sec61) does not form clusters under blue light activation. (f) Spatial control of CRY2 clustering in the specific subcellular
region (marked with a blue circle). Scale bars, 10 μm.
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dramatic cluster formation on various cellular membranes
including the plasma membrane, endoplasmic reticulum (ER),
and mitochondrial outer membrane. The presence of CIB1
protein can either inhibit or facilitate CRY2 oligomerization.
On the one hand, some bulky CIB1 fusion proteins can
completely abolish CRY2 cluster formation. On the other hand,
cytoplasmic CRY2 can be recruited to the membrane via CIB1
binding to achieve enhanced oligomerization activity. These
results will be very useful in the design of new CRY2-based
optogenetic systems where the light-induced behavior of CRY2
is more predictable, especially in scenarios where enhanced
CRY2 oligomerization or exclusive CRY2-CIB1 heterodimeri-
zation is desired.

■ RESUTLS AND DISCUSSION
Membranous CRY2 Oligomerizes Much More Readily

than Its Cytosolic Form. It has been reported that
cytoplasmic CRY2 can oligomerize upon blue light activation
to form prominent clusters in mammalian cells.21 We repeated
the experiment by expressing CRY2-mCh or CRY2-GFP in
COS-7 and exposing the cells to blue light stimulation (Figure
1a for CRY2-mCh and Figure S1 in Supporting Information for
CRY2-GFP). In this study, we employed the photolyase
homology region (PHR) of CRY2 (amino acids 1−498) and a

truncated version of CIB1 (amino acids 1−170), as these
constructs have been widely used in CRY2-CIB1 optogenetic
studies in mammalian cells.11−16,18,21 Cells were illuminated
with intermittent blue light pulses at 200 ms exposure every 5 s
(9.7 × 103 mW/cm2, 460−480 nm) for a total duration of 1 to
10 min. Under blue light illumination, we could only detect
CRY2-mCh clusters in about 20% of the COS-7 cells after 5
min of intermittent blue light exposure (n = 59). Furthermore,
even in the cells where CRY2 oligomerization could be
detected, the number of clusters in each cell was typically very
few (average 6.4 small clusters per cell, n = 20). The vast
majority of CRY2 were not incorporated into the clusters
despite blue light illumination for as long as 10 min as CRY2
retained the diffusive cytoplasmic distribution. Similar results
were also observed in 3T3 and HEK293T cells (Figure S2,
Supporting Information), indicating that the oligomerization of
cytoplasmic CRY2 did not occur robustly and reliably in our
experimental conditions. This result is consistent with similar
observations reported in previous studies.24,25

On the other hand, we found that CRY2 exhibited dramatic
oligomerization when it was tethered to cellular membranes
(Figure 1b−d). First, we attached CRY2 to the outside of the
ER membrane by expressing CRY2-mCh-Sec61TM in COS-7
cells, where Sec61TM is the transmembrane domain of the ER-

Figure 2. Light-induced CRY2 clusters are dynamic and reversible. COS-7 cells were transfected with CRY2-mCh-Sec61. (a) CRY2 clusters grow
significantly in number, size, and intensity over several minutes after a single 2 s pulse blue light activation. Some clusters merge together to form
higher order oligomers (yellow arrows). (b) CRY2 clusters, clearly visible at t = 5 min and less at t = 10 min, completely dissociate back to the
diffusive ER distribution approximately 20 min after the single 2 s pulse blue light activation. Scale bars, 10 μm.

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.5b00048
ACS Synth. Biol. 2015, 4, 1124−1135

1126

http://dx.doi.org/10.1021/acssynbio.5b00048


targeting protein Sec61.26 For simplification, the plasmid will be
denoted as CRY2-mCh-Sec61 from here on. Before blue light
stimulation, the CRY2 proteins were evenly distributed on the
ER network (Figure 1b). Within seconds after blue light
exposure, the ER-bound CRY2 drastically coalesced into
hundreds to thousands of bright clusters in the cell. The
cluster formation visibly depleted the diffusive CRY2-mCh-
Sec61 on the ER membrane after 1 min of intermittent blue
light exposure, rendering the original reticular structure of the
ER network indiscernible. This dramatic CRY2 oligomerization
was consistently observed in every transfected COS-7 cell.
The enhanced oligomerization of membranous CRY2 was

not only observed on the ER membrane, but also on other
cellular membranes including the inner plasma membrane and
outer mitochondria membrane. As shown in Figure 1c, CRY2
was targeted to the inner plasma membrane via a 15-residue
Caax motif (CRY2-mCh-Caax).27 Similar to the behavior of
CRY2 bound to the ER membrane, CRY2-mCh-Caax rapidly
and dramatically oligomerized into hundreds of bright clusters
in just seconds after blue light exposure. We also anchored
CRY2 to the outer membrane of mitochondria via Miro1TM, a
23-residue sequence of the mitochondria targeting sequence
Miro1.28 For simplification, the Miro1TM plasmid will be

denoted as Miro1 from here on. Before blue light stimulation,
CRY2-mCh-Miro1 was evenly distributed along the outer
mitochondria membrane and illustrated the rod-like shapes of
mitochondria. Again, blue light illumination led to the
formation of many CRY2 clusters on the outer membrane of
mitochondria (Figure 1d).
We confirmed that membranous CRY2 oligomerization

occurred exclusively due to blue light-induced activation of
CRY2 through several control experiments. First, the light-
induced oligomerization is strongly dependent on the wave-
length of the light, as green light illumination (∼550 nm) did
not induce CRY2 oligomerization (Figure S3, Supporting
Information). Second, the oligomerization of CRY2 occurs
independently of the fluorescent protein conjugated to CRY2,
as both CRY2-mCh and CRY2-GFP could form clusters under
blue light activation (Figure 1a and Figure S1, Supporting
Information). Third, a light-insensitive CRY2 mutant tethered
to the ER membrane, CRY2(D387A)-mCh-Sec61,9 failed to
form clusters under blue light exposure (Figure 1e). Finally,
when we reduced the blue light illumination area to a region
much smaller than the individual cell size, the oligomerization
accordingly only occurred within the illuminated subcellular
region of the cell (Figure 1f).

Figure 3. CRY2 oligomerization depends on the expression level of CRY2 and occurs readily at low level of blue light stimulation. Cells were
activated with a single 2 s blue light pulse unless noted otherwise. The images were taken at 150 s after the blue light pulse. (a) A transfected cell with
low CRY2-mCh-Sec61 expression has many CRY2 clusters, but the diffusive background is still visible after 150 s. (b) A transfected cell with high
CRY2-Ch-Sec61 expression shows dramatic cluster formation. The diffusive background is invisible after 150 s. (c) Quantification of CRY2 cluster
formation using an automatic Matlab algorithm. The peak of the cluster mass clearly shows that high CRY2 expression induces more CRY2
oligomerization compared to that of cells with low CRY2 expression. (d) The CRY2 oligomerization activity does not show significant reduction
when the total blue light power is reduced by 300 times. (e) The CRY2 cluster formation is visibly decreased (clusters shown as yellow arrowheads)
when the blue light intensity is reduced by 1200 times compared with normal stimulation condition. (f) Quantification of CRY2 cluster formation
under different blue light intensities and exposure duration conditions. Error bars represent the standard deviation of the mean. Scale bar, 10 μm.
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The Oligomerization of Membranous CRY2 Is Highly
Dynamic and Reversible. Light-induced CRY2 clusters on
the ER membrane were found to be highly dynamic. For this
experiment, COS-7 cells were activated by a single 2 s blue light
pulse (9.7 × 103 mW/cm2), followed by time-lapse imaging of
CRY2-mCh-Sec61 using green light excitation (550 nm, 200
ms exposure at every 5 s). As shown in Figure 2a, small “seeds”
of CRY2 clusters appeared only 5 s after the blue light pulse,
while the majority of CRY2s were still diffusive on the ER
network. However, these “seeds” quickly grew in size, number,
and intensity, visibly depleting the diffusive CRY2 within 50 s
after blue light activation. It is interesting to note that these
clusters can continue to grow not only from incorporating the
additional “free” CRY2 but also from merging with other
individual CRY2 clusters to form higher order oligomers
(shown by the yellow arrows in Figure 2a). Similar cluster
characteristics such as cluster formation, growth, and merging
were found in the plasma membrane and the outer membrane
of mitochondria (Figure S4, Supporting Information). We also
observed that membrane-bound CRY2 cluster formation was
fully reversible, which is in agreement with the reported
oligomeric features of cytoplasmic CRY2 photoactivation.21

After the single blue light pulse, CRY2 clusters quickly formed
on the ER membrane and then completely dissociated back to
the preblue light diffusive state within approximately 20 min
(Figure 2b).
Membranous CRY2 Oligomerization Is Concentration

Dependent and Occurs Readily at Low Level of Light. As
an oligomerization reaction is expected to be dependent on the
protein concentration, we examined the effect of CRY2
expression level on its oligomerization activity on the ER
membrane. Indeed, CRY2 oligomerization activity was strongly
dependent on the expression level of CRY2-mCh-Sec61, where
low CRY2 concentration led to significantly lower oligomeriza-
tion activity compared to that of cells with higher CRY2
concentration (Figure 3a−b).
In order to better understand the characteristic of light-

induced CRY2 oligomerization, we developed a custom-written
Matlab program to quantify the formation of CRY2 clusters on
the membrane (data processing details in Supporting
Information and Figure S5). COS-7 cells transfected with
CRY2-mCh-Sec61 were illuminated with a single 2 s pulse of
blue light at the first imaging frame to activate CRY2
oligomerization. Subsequently, the blue light was turned off,
and a green light was used to excite the mCherry fluorescent
protein in order to monitor the formation, growth, and
dissociation of CRY2 clusters. As the CRY2 clusters vary in size
and brightness, and many clusters can subsequently merge
together to form larger oligomers, we not only counted the
number of CRY2 clusters in the cell but also tracked the total
cluster mass (cluster intensity) of all CRY2 clusters in each cell
at every 5 s for a total duration of 10 min. The total cluster
mass was normalized by the cell size to account for the cell-to-
cell size variation. This quantification method thus took into
account both the number and the brightness of the clusters and
can be used to systematically quantify CRY2 oligomerization
across different cells. The algorithm to identify clusters is very
reliable and can automatically detect at least 90% of the visible
clusters in the cell (Figure S5, Supporting Information).
However, we note that due to the limitation of fluorescence
microscopy, we may not detect every CRY2 cluster in the cell,
especially very small clusters at the initial oligomerization stage.

After measuring the oligomerization activity in 42 cells with
different CRY2 expression levels, the cluster mass showed a
linear relationship with the CRY2 expression level (Figure S6,
Supporting Information). The cells were grouped into three
categories based on the average CRY2-mCh-Sec61 expression
level in each cell: low, medium, and high (see Materials and
Methods for classification criteria). As seen in Figure 3c, the
total cluster mass in all three categories shows a quick rise in
tens of seconds and a peak around 100−200 s, signifying the
formation of clusters after the blue light pulse. The peak is
followed by a slow decay in 10 min or longer due to the
dissociation of the clusters after blue light withdrawal. The
higher expression category clearly shows a higher oligomeriza-
tion propensity as indicated by a higher peak value in cluster
mass. The expression level-dependence of CRY2 oligomeriza-
tion is also evident from quantifications of the number of
cluster per cell area and the average cluster intensity (Figure S7,
Supporting Information).
We also compared the dynamic of CRY2 cluster formation

and dissociation on the ER membrane versus that on the
plasma membrane under identical illumination conditions
(Figure S8, Supporting Information). Cells were activated
with a single 2 s blue light pulse followed by time-lapse imaging
of the mCherry fluorescence signal. The CRY2 homo-
oligomerization on the plasma membrane has a slower dynamic
compared to the that of the CRY2 clusters formed on the ER
membrane: the cluster mass takes a longer time to reach the
peak value and decays slower after blue light withdrawal. This
variance may be due to the differences in CRY2 diffusion
characteristic in distinct protein and/or lipid composition of the
ER membrane vs that of the plasma membrane.
We found that CRY2 oligomerization was very robust and

required low level of blue light for activation (Figure 3d−f). We
first varied the blue light power by adjusting both the intensity
of the microscope light source (reducing from 9.7 × 103 mW/
cm2 to 1.2 × 103 mW/cm2) and the blue light exposure time
(reducing from a 2 s pulse to a 50 ms pulse). The changes
effectively reduced the total blue light power delivered to the
cell by 300 times compared with the normal imaging
conditions. As discussed previously, the cell-to-cell variation
in CRY2 concentration alone can significantly affect the
oligomerization activity (Figure 3c). Therefore, for this
quantification analysis we only selected cells with comparable
CRY2 expression level. Furthermore, the CRY2 oligomerization
level in each cell was normalized to the CRY2 concentration
based on a calibration curve established from the oligomeriza-
tion measurement in 42 cells (Figure S6, Supporting
Information). This method thus removed the CRY2 expression
dependency and ensured that any change in the CRY2
clustering level was indeed due to the change in the blue
light illumination condition. As seen in Figure 3d and f, we
observed a very slight decrease in CRY2 cluster formation when
the total blue light power was reduced by 300 times. In order to
further decrease the illumination light power, we replaced the
fluorescence light by the microscope brightfield light source
filtered through a blue bandpass filter (Chroma, 460/20),
which effectively reduced the total blue light power by about
1,200 times lower than the normal imaging condition (2 s blue
light pulse, 7.9 mW/cm2). CRY2 oligomerization was still
clearly observed at this low light intensity (Figure 3e).
However, there was significant reduction in the oligomerization
activity, where the peak value of the normalized cluster mass in
the cell was noticeably suppressed (Figure 3f).
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CRY2 Oligomerization and CRY2-CIB1 Heterodimeri-
zation Coexist under Blue Light Activation.We found that
light-induced CRY2 oligomerization and CRY2-CIB1 binding
could happen simultaneously. When COS-7 cells were
cotransfected with CRY2-mCh-Caax and CIB1-GFP-Caax,
both proteins initially appeared diffusive on the cytoplasmic
membrane. Upon blue light illumination, not only was CRY2-
mCh-Caax found to form oligomeric clusters but CIB1-GFP-
Caax was also found to accumulate in the same clusters (Figure
4). As a control experiment, CIB1-GFP-Caax alone did not
form clusters when activated with blue light. Similar
observation of CRY2-CIB1 coclustering was also seen in cells
cotransfected with full length CIB1(1−335aa)-GFP-Caax and
CRY2-mCh-Caax (Figure S9, Supporting Information). This
result suggests that the photoexcited CRY2 has two separate
binding sites for CRY2-CRY2 oligomerization and hetero-
dimerization with CIB1, thus allowing the two types of
interactions to occur concurrently. This observation is
supported by the previous report showing cytoplasmic CRY2
and cytoplasmic CIB1 coclusterized in HEK293T cells.21

CRY2 Oligomerization Can Be Modulated by CRY2-
CIB1 Heterodimerization. Knowing that photoexcited CRY2
undergoes both homo-oligomerization and heterodimerization
with CIB1, we next explored whether CRY2 oligomerization
can be modulated by CRY2-CIB1 interaction. In this regard, we
quantitatively examined CRY2-mCh-Sec61 oligomerization in
the presence of cytosolic CIB1 linked with various fusion
proteins, including CIB1 alone, CIB1-GFP, GFP-CIB1, RAF-
GFP-CIB1, and GFP-BICDN-CIB1 (Figure 5 and Figure S10,
Supporting Information). Cells were stimulated with a single 2
s blue light pulse in this set of experiments. When
cotransfecting cells with CRY2-mCh-Sec61 and nonlabeled
CIB1, the plasmid concentration ratio was kept to be 5 CIB1:1
CRY2-mCh-Sec61. The fact that the CIB1 construct (170aa) is
significantly smaller than the CRY2-mCh-Sec61 construct
(CRY2−498aa, mCh−256aa, and Sec61−95aa) also means
that it is easier for cells to be transfected and express CIB1
compared to CRY2-mCh-Sec61. This ensures a very high

probability that a cell transfected with CRY2-mCh-Sec61 was
also cotransfected with CIB1. Using a similar plasmid ratio
when cotransfecting cells with CRY2-mCh-Sec61 and CIB1-
GFP (or GFP-CIB1), we observed that 100% cells transfected
with CRY2-mCh-Sec61 were also cotransfected with the CIB1
plasmid. In the presence of CIB1 (without any fluorescent
protein conjugate), CRY2 clusters rapidly formed under blue
light activation, similar to cells singly transfected with CRY2-
mCh-Sec61 (Figure S10b, Supporting Information). However,
cluster quantification analysis revealed that the oligomerization
in these cells was slightly suppressed compared to that in cells
singly transfected with CRY2-mCh-Sec61 (Figure 5d). The
result suggests that CRY2-CIB1 binding can modulate CRY2
oligomerization. To verify this hypothesis, we increased the size
of the CIB1-conjugated protein by attaching a GFP domain to
either the N- or C- terminal of CIB1. We found that CRY2-
mCh-Sec61 cotransfected with either CIB1-GFP or GFP-CIB1
could still readily form clusters upon blue light stimulation
(Figure 5a and Figure S10c, Supporting Information). Yet
quantification of cluster formation showed that both GFP-CIB1
and CIB1-GFP slightly reduced CRY2 oligomerization with
GFP-CIB1 being more effective in suppressing the oligomeriza-
tion.
Next, we showed that light-induced CRY2 cluster formation

could be completely abrogated by linking bulky protein
domains to CIB1. We constructed two plasmids, RAF-GFP-
CIB1 and GFP-BICDN-CIB1, where both RAF (1−646 aa)
and BICDN (1−594 aa) are significantly bigger protein
domains than CIB1 (1−170 aa). RAF is a serine/threonine
protein kinase which is involved in the mitogenic signal
cascade.29,30 In its cytosolic form, RAF exists in an auto-
inhibitory, inactive state in the cytoplasm.31 BICDN is the N-
terminal portion of human bicaudal D2, a cytoplasmic α-helical
coiled-coil protein that can interact with the cytoplasmic
dynein.32,33 We found that cells coexpressing CRY2-mCh-
Sec61 and RAF-GFP-CIB1 showed much lower oligomeriza-
tion activity, where both CRY2 cluster number and intensity
were significantly reduced (Figure 5b). More strikingly,

Figure 4. CRY2 oligomerization and CRY2-CIB1 heterodimerization coexist in the same system. Both CRY2 and CIB1 were tethered to the plasma
membrane via a Caax motif. Before blue light stimulation, both CRY2 (red channel) and CIB1 (green channel) are homogeneous on the plasma
membrane. Upon blue light illumination (200 ms blue light pulse every 5 s), CRY2 forms numerous bright clusters on the membrane. CIB1 is also
found to accumulate in the same clusters. Scale bars, 10 μm.
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coexpressing CRY2-mCh-Sec61 and GFP-BICDN-CIB1 in
COS-7 completely eliminated any visible clustering effect of
CRY2-mCh-Sec61 on the ER network (Figure 5c). This
blocking effect of GFP-BICDN-CIB1 on CRY2 cluster
formation was consistently and repeatedly observed in all
cells cotransfected with the plasmid pair. As a control
experiment, we cotransfected cells with GFP-BICDN and
CRY2-mCh-Sec61 and found that GFP-BICDN (without the
CIB1 domain) did not affect the oligomerization activity of
CRY2 on the ER membrane. This result confirmed that the
blocking effect is not due to the presence of cytosolic BICDN

and that GFP-BICDN-CIB1 needs to be actively recruited to
CRY2 in order to suppress CRY2 clustering. Furthermore, the
blocking effect of GFP-BICDN-CIB1 on CRY2 oligomerization
was not limited to the ER membrane. We found that CRY2
clustering was also clearly abolished on the plasma membrane
or the mitochondrial outer membrane when the GFP-BICDN-
CIB1 construct was coexpressed with CRY2-mCh-Caax or with
CRY2-mCh-Miro1 in the cell (Figure S11, Supporting
Information). A quantitative comparison of cluster formation
in COS-7 cells cotransfected with CRY2-mCh-Sec61 and
various CIB1 plasmids is shown in Figure 5d.

Figure 5. CRY2 oligomerization on the ER membrane can be differentially suppressed by CRY2-CIB1 heterodimerization. Cells were illuminated
with a single blue light pulse of 2 s. (a) Cotransfection of COS-7 cells with GFP-CIB1 and CRY2-mCh-Sec61 does not visibly affect CRY2 cluster
formation on the ER membrane. (b) Coexpression of RAF-GFP-CIB1 and CRY2-mCh-Sec61 moderately reduces CRY2 cluster formation. The
number and the intensity of clusters are reduced as compared with cells singly transfected with CRY2-mCh-Sec61. (c) Coexpression of GFP-
BICDN-CIB1 and CRY2-mCh-Sec61 completely blocks CRY2 cluster formation, where no CRY2 cluster is visible after exposure to blue light
stimulation. (d) Quantitative analysis of cluster formation in COS-7 cells cotransfected with CRY2-mCh-Sec61 and various CIB1 plasmids shows
that CRY2 oligomerization can be suppressed at variable degrees. Error bars represent standard deviation of the mean. Scale bars, 10 μm.
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We also examined the decay kinetics of the CRY2 cluster in
the presence of various CIB1 fusion proteins (Figure 5d). We
estimated the value of T1/2decay from the plot, defined as the
time it takes for the CRY2 cluster mass in the cell to reduce
from its maximum value to half of the peak value. The
measured T1/2decay values are 380 s (CRY2-mCh-Sec61 only),
510 s (CRY2-mCh-Sec61 with CIB1), >450 s (CRY2-mCh-
Sec61 with CIB1-GFP), 520s (CRY2-mCh-Sec61 with GFP-
CIB1), and 380 s (CRY2-mCh-Sec61 with RAF-GFP-CIB1). In
the case of cells cotransfected with CIB1-GFP, the exact
T1/2decay value could not be measured because the cluster mass
did not decay to the half-maximal value within the 10 min
imaging period. We also could not extract T1/2decay in cells
cotransfected with GFP-BICDN-CIB1 because there were very
few clusters formed. Nevertheless, this result indicates that the
presence of other CIB1 plasmids such as CIB1, CIB1-GFP, and

GFP-CIB1 not only suppressed CRY2 cluster formation but
also hindered the dissociation of the CRY2 clusters. However,
we noted that the presence of the RAF-GFP-CIB1 construct,
while severely reducing the CRY2 cluster mass formation, did
not significantly affect CRY2 dissociation.

CRY2 Oligomerization Can Be Enhanced through
CRY2-CIB1 Interaction. With the observations that CRY2
oligomerization and CRY2-CIB1 interaction could coexist and
that CRY2 oligomerization occurred much more readily when
CRY2 was tethered to the cellular membrane, we next showed
that CRY2 oligomerization can be significantly enhanced by
recruiting cytoplasmic CRY2 to the cellular membrane through
its interaction with CIB1. In this study, COS-7 cells were
cotransfected with the cytoplasmic CRY2-mCh and membra-
nous CIB1-GFP-Caax (CIB1 anchored to the plasma
membrane via the Caax motif). Alternating blue light and

Figure 6. Cytosolic CRY2 oligomerization can be drastically enhanced through CRY2-CIB1 heterodimerization and subsequent recruitment to the
cell membrane. Cells were illuminated with 200 ms blue light pulse every 5 s. (a) A COS-7 cell cotransfected with CRY2-mCh and CIB1-GFP-Caax
shows diffusive cytoplasmic CRY2-mCh and homogeneous plasma membrane-localized CIB1-GFP-Caax before blue light stimulation. After blue
light exposure, CRY2-mCh is recruited to the plasma membrane and forms large clusters as shown in the red channel. In the green channel, CIB1-
GFP-Caax shows the same cluster pattern as CRY2. (b) A COS-7 cell cotransfected with CRY2-GFP and CIBN-mCh-Miro1. Before blue light,
CRY2-GFP is expressed in the cytoplasmic form. The partial colocalization seen between CRY2-GFP and mitochondria in the first imaging frame is
due to the fact that blue light was used to collect the fluorescence signal in the green channel. After blue light, CRY2 clusters on the mitochondria
well colocalize with the appearance of CIB1-mCh-Miro1 clusters in the same locations (yellow arrows). Scale bars, 10 μm. Insets show enlarged
images as indicated by the dotted lines. Inset scale bar, 5 μm.
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green light pulses were used to monitor the change in the
dynamics of CRY2-mCh and CIB1-GFP-Caax (200 ms light
pulse at 0.2fr/sec frame rate). Upon blue light activation, two
phenomena occurred: the cytoplasmic CRY2 was quickly
recruited to the plasma membrane through CRY2-CIB1
heterodimerization, and dramatic CRY2 cluster formation was
observed within seconds (Figure 6a). The simultaneous
observation of two types of interaction further supports our
previous conclusion that the photoexcited CRY2 has two
separate binding sites for CRY2-CRY2 oligomerization and
CRY2-CIB1 heterodimerization. We noted that the CRY2
clusters formed in this condition were less in numbers but
significantly larger in sizes as compared to CRY2 clusters

formed in cells singly transfected with CRY2-mCh-Caax
(Figure 1c). Similarly, when cytosolic CRY2 was recruited to
the outer membrane of mitochondria through CIB1 interaction
in cells cotransfected with CRY2-GFP and CIB1-mCh-Miro1,
CRY2 oligomerization also readily occurred on the mitochon-
drial membrane (Figure 6b). In cells cotransfected with this
plasmid pair, we did not observe any significant changes in the
number and size of the CRY2 clusters compared to cells singly
transfected with CRY2-mCh-Miro1. As noted in the previous
section, by itself cytoplasmic CRY2-mCh or cytoplasmic CRY2-
GFP has very low propensity to form clusters under blue light
(Figure 1a and Figure S1, Supporting Information). Therefore,
the enhanced oligomerization observed in the cotransfected

Figure 7. Proposed mechanism of CRY2-CRY2 oligomerization and CRY2-CIB1 heterodimerization. (a) Blue light induces conformational changes
in CRY2, with CRY2-CRY2 binding and CRY2-CIB1 binding occurring at different CRY2 sites. Cytoplasmic CRY2 has low oligomerization activity
due to random (unaligned) protein orientation. (b) CRY2 bound on the lipid membrane has enhanced oligomeric activity likely due to preferred
parallel orientation for CRY2-CRY2 binding. (c) CIB1 linked with a bulky protein domain such as BICDN can suppress CRY2 oligomerization due
to steric blocking of the CRY2-CRY2 binding site. (d) Cytoplasmic CRY2 can be recruited to the cell membrane by binding to membrane-linked
CIB1, which significantly enhances CRY2 oligomerization.
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cells was aided by indirectly tethering CRY2 to the membrane
through its interaction with CIB1. In this setup, the steric effect
was minimized by using the short membrane targeting Caax
motif (15 aa) or the small transmembrane mitochondria-
targeting sequence Miro1 (23 aa) to anchor CIB1 to the
respective membrane. This approach could be useful in future
protein clustering studies where the oligomerization of
cytoplasmic proteins could be precisely and reliably induced
by recruiting the protein to a specific membrane via the CRY2-
CIB1 interaction.

■ CONCLUSIONS AND DISCUSSION
This article examined light-induced CRY2 oligomerization on
various intracellular membranes and how CRY2 oligomeriza-
tion could be inhibited or assisted by light-induced CRY2-CIB1
heterodimerization. Our observation that the cytoplasmic form
of wild-type CRY2 is ineffective in forming clusters is in
agreement with previous papers reporting negligible CRY2
cluster formation under blue light.24,25 However, we found that
membrane-bound CRY2 displayed dramatic cluster formation
under similar blue light activation conditions. While it is
possible that the cytoplasmic CRY2 could form small clusters
that are not detectable under a fluorescence microscope, it is
clear that the membrane-bound form of CRY2 has a much
more potent oligomeric activity. This result could be because
when CRY2 is tethered to a two-dimensional surface, the local
concentration of the membrane-bound CRY2 is significantly
higher than that of the cytoplasmic form of CRY2, leading to a
favorable oligomerization reaction. Additionally, the result also
supports a hypothesis that the CRY2-CRY2 oligomeric
interaction prefers parallel-aligned orientation. When tethered
to the membrane, the individual CRY2 proteins are more
aligned compared to the random orientation nature of the
cytoplasmic CRY2 and thus results in an enhancement of
CRY2 oligomerization. The proposed mechanism for CRY2
oligomerization in its cytoplasmic and membranous form is
illustrated in Figure 7a−b.
The relationship between CRY2 oligomerization and CRY2-

CIB1 dimerization was explored in this study. Our results (from
data shown in Figures 5 and 6) indicated that photoexcited
CRY2 undergoes the two types of interactions simultaneously,
suggesting that CRY2-CRY2 binding and CRY2-CIB1 binding
occur at different CRY2 interacting sites. Although the
structural interfaces between CRY2-CRY2 and CRY2-CIB1
are yet to be elucidated, the two independent binding sites for
CRY2-CRY2 and CRY2-CIB1 suggest a possibility to mutate
CRY2 to achieve selective binding to CRY2 or CIB1.
Furthermore, the dual characteristics of CRY2 can be used to

modulate CRY2 interactions. On the one hand, CIB1 linked
with certain protein domains can inhibit membrane-bound
CRY2 oligomerization. The size of the protein domains linked
with CIB1 is positively correlated with the blocking effect of
CRY2 oligomerization, suggesting a steric hindrance effect. It is
possible that the two CRY2 binding sites (CRY2-CRY2 and
CRY2-CIB1) are in close proximity so that the presence of a
bulky protein attached to CIB1 at the CRY2-CIB1 binding site
could hinder the self-oligomerization activity at the CRY2-
CRY2 binding site (illustrated in Figure 7c). On the other
hand, cytoplasmic CRY2, typically having limited oligomeric
activity, can undergo dramatic cluster formation when recruited
to the membrane through CIB1 interaction (illustrated in
Figure 7d). It is also interesting to note that CRY2-CIB1
binding out-competes the CRY2-CRY2 binding when the two

systems are in interference. This observation is further
supported by quantitatively comparing the kinetics of the two
interactions under the same light activating conditions. T1/2, the
time at which the interacting CRY2 signal reaches the half-
maximal amount, is 23.6 s for CRY2-CRY2 binding (Figure
S12a, Supporting Information) and 7.7 s for the CRY2-CIB1
interaction (Figure S12b-c, Supporting Information).
Protein oligomerization is an important type of interaction in

biological systems with involvement in modulating cellular
signaling, promoting cell-to-cell communication, inducting
specific conformational changes (notable example is the
clustering of receptors in clathrin-coated pits leading to
endocytosis), or participating in disease pathologies.34 Studies
utilizing the oligomeric characteristic of CRY2 have demon-
strated unique advantages over traditional clustering tools such
as antibody-mediated clustering35,36 due to its ease of
application, reversibility, and high spatiotemporal resolution.
This article shows that the oligomeric activity of CRY2 can be
either enhanced or suppressed by utilizing the dual character-
istics of the photoexcited CRY2, further establishing the role of
CRY2 as a versatile optogenetic tool. The interplay between
CRY2 self-oligomerization and CRY2-CIB1 heterodimerization
therefore could be employed to provide an additional layer of
control in optogenetic studies of the complex protein signaling
networks.

■ MATERIALS AND METHODS
Plasmids. All of the plasmids were generated using DNA

ligation, InFusion cloning kit (Clontech, Mountain View, CA),
or 2-step overlapping extension PCR. In this study, we
employed the photolyase homology region (PHR) of CRY2
(amino acids 1−498) and a truncated version of CIB1 (amino
acids 1−170), gifted by Professor C. Tucker, University of
Colorado. CRY2(D387A)-mCh was kindly provided by
Professor D. Schaffer, University of California, Berkeley. ER-
targeting plasmid Sec61 was generously provided by Professor
J. Weissman, University of California, San Francisco. The
Miro1 plasmid was gifted by Professor X. Wang, Stanford
University. Bicaudal D protein BICDN were generously
provided by Professor C. Hoogenraad, Utrecht University,
The Netherlands. Additional information about plasmid
construction can be found in Supporting Information, Tables
1−2.

Cell Cultures and Transfection. COS-7 monkey fibroblast
cells were cultured on a PLL-coated glass coverslip and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin. The cells were stored
in a humidified atmosphere containing 5% CO2 kept at 37 °C.
Twenty-four hours before imaging, the cells were transiently
transfected at 70−90% confluency using lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Experi-
ments on other cell lines (3T3 and HEK293T) were performed
using similar protocols.

Live-Cell Imaging. Live-cell imaging was performed on an
epi-fluorescence microscope (Leica DMI6000B) equipped with
an adaptive focus system and an on stage incubator chamber
(Tokai Hit GM-8000) to maintain the temperature at 37 °C
and 5% CO2 during the imaging period. Images were acquired
using an oil-immersion 100× objective (Leica, HCX PL APL,
n.a. 1.4) and an light-emitting diode (LED) light source
(Lumencor Sola, Beaverton, OR). CRY2 was activated by either
a single blue light pulse of 2 s or an intermittent blue light pulse
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of 200 ms at every 5 s. The LED intensity can be adjusted to a
range between 1.2 × 103 mW/cm2 and 9.7 × 103 mW/cm2.
Unless otherwise specified, the intensity of the blue light pulse
used to activate CRY2 was 9.7 × 103 mW/cm2. Additionally,
low blue light intensity (7.9 mW/cm2) was produced by
filtering the brightfield light source of the microscope through a
blue bandpass filter (Chroma, 460/20). The GFP fluorescence
signal was detected using a commercial GFP filter cube (Leica,
excitation 472/30, dichroic mirror 495, emission 520/35).
mCherry was excited using green light (∼550 nm, 9.7 × 103

mW/cm2), and the mCherry fluorescence signal was detected
using a commercial Texas Red filter cube (Leica, excitation
560/40, dichroic mirror 595, emission 645/75). Movie frames
were collected every 5 s at 200 ms exposure.
Image Processing. The CRY2 expression level in COS-7

cells transfected with CRY2-mCh-Sec61 was measured at the
first image frame (t = 0, before blue light illumination) using
ImageJ. The expression value for each cell was calculated as the
average CRY2 intensity minus the image background. Each cell
was then categorized as high, medium, or low expression level
based on Table 1.

Cluster quantification on the ER membrane was performed
using a custom-written Matlab program. The algorithm
automatically detects the locations of individual CRY2 clusters
and their intensities (see Supporting Information for details).
For each image frame, the cluster mass is calculated as the sum
of all cluster intensities in the cell, normalized by the cell size
(eq 1).

=
∑

Total cluster mass
cluster intensity

cell size (1)
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