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Abstract: Genetically encoded, light-activatable proteins pro-
vide the means to probe biochemical pathways at specific
subcellular locations with exquisite temporal control. However,
engineering these systems in order to provide a dramatic jump
in localized activity, while retaining a low dark-state back-
ground remains a significant challenge. When placed within the
framework of a genetically encodable, light-activatable heter-
odimerizer system, the actin-remodelling protein cofilin indu-
ces dramatic changes in the F-actin network and consequent
cell motility upon illumination. We demonstrate that the use of
a partially impaired mutant of cofilin is critical for maintaining
low background activity in the dark. We also show that light-
directed recruitment of the reduced activity cofilin mutants to
the cytoskeleton is sufficient to induce F-actin remodeling,
formation of filopodia, and directed cell motility.

Chemical and optogenetic methods for clustering proteins at
subcellular locations have flourished in recent years.[1] How-
ever, in spite of the promise that optogenetic tools hold for
biology and medicine,[2] their ready application is constrained
by “protein engineering strategies that unfortunately remain
in [the] development stage”.[3] Engineering challenges include
the high levels of dark (background) activity that inadver-
tently up- or downregulate genes and biochemical pathways
of interest. Several strategies have been described to address
this and related issues, including protein sequestration and
subsequent release,[4] the use of split protein constructs that
are only active upon reconstitution,[5] and the application of
nonsense suppression technology to introduce nonstandard
amino acids.[6] Each of these strategies offers elegant solutions
to the construction of light-activated proteins. However, these
methods require a level of biochemical and cellular engineer-
ing that is beyond the expertise typically available in most
biology labs.

We describe herein an optogenetic engineering approach
that draws its inspiration from the Michaelis–Menten equa-
tion (v0 = kcat[E][S]/(Km+[S]). In particular, the latter asserts
the dependence of catalytic rate on both the intrinsic kcat of

the enzyme as well as its concentration.[7] An enzyme with
significantly impaired activity could have the reaction velocity
restored by concentrating the catalyst in a spatially well-
defined fashion. If the latter were achieved in a light-
mediated manner then activity in the dark should be minimal,
whereas activity upon illumination could equal that of wild-
type protein (Scheme 1). Indeed, this strategy should prove
applicable to any protein, whether or not it is a catalyst, as
long as its activity can be controlled in a concentration-
dependent fashion.

Building upon previous work that examined the structure-
function relationships of cofilin, we introduced D94A, S120A,
K96Q mutations, which are known to impair the F-actin-
binding, severing, and depolymerizing activity of cofilin (see
Figure S1 a in the Supporting Information).[8] In addition, we
introduced an Ala-for-Ser mutation at the S3 position to
ensure that cofilin cannot be intracellularly “turned off”
through phosphorylation.[9] In short, we anticipated that
a constitutively active cofilin (S3A) with poor F-actin affinity
and reduced F-actin severing (D94A, S120A, K96Q) should
display a higher concentration threshold for efficient F-actin
severing and depolymerization relative to wild-type cofilin
(Table 1; Figures S1b,c and S2).

The activity of the isolated S3A/D94A, S3 A/S120A, and
S3A/K96Q proteins was assessed using a pyrene-labelled
actin assay.[10] The S3A/S120A double mutant displays an
order of magnitude minimal to maximal activity range (0.2–
5 mm, Table 1). This dynamic range recapitulates the minimal
activity displayed by disabled S3E cofilin and the robust

Scheme 1. General strategy for the design of a genetically encoded
light-activatable protein. A weakly active cofilin mutant (black) is
appended to the light-responsive Cry2 (blue). In the absence of light,
the cofilin construct has no discernable effect on the cytoskeleton.
Upon illumination at 488 nm, Cry2 associates with F-actin-bound Cib
(green), furnishing a high, effective cofilin concentration, thereby
promoting F-actin severing, cytoskeleton remodelling, lamellipodia
formation, and directed cell motility.
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activity exhibited by constitutively active S3A cofilin.
Although the other double mutants, S3A/D94A and S3A/
K96Q, display concentration-dependent F-actin remodelling,
neither are as active as S3A/S120A construct. We confirmed
that the reduced activity of these cofilin mutants is due, at
least in part, to reduced F-actin-binding affinity (Figure S1 c).

We subsequently incorporated fully active S3A cofilin and
its activity-compromised counterparts into a light-activatable
dimerizer system, cryptochrome 2–Cib (Cry2-Cib; Sche-
me 1).[1b] This light-responsive construct enjoys the advantage
of rapid dimerization activated by blue light (488 nm). A
fluorescent Cib construct that is anchored to F-actin was
prepared: LifeAct-Cib-GFP. The LifeAct component is
efficiently incorporated into the F-actin network and has
little effect on actin dynamics.[11] The other half of the light-
induced dimerizer system is comprised of a fully active
truncated form of Cry2 fused to mCherry (Cry2-mCh)
(Scheme 1), which is homogeneously distributed throughout
the cytoplasm in the dark. However, upon illumination, Cry2-
mCh rapidly translocates to the F-actin network in REF52,
Cos7, and MTLn3 cells (Figure 1, Movie S1 in the Supporting
Information). Upon cessation of illumination, Cry2-mCh fully
dissociates from F-actin within six minutes (Figure S3 a).
Consequently, the construct is both light-activatable and
dark-reversible.

With the light-sensitive dimerizer in hand, fully functional
and reduced-activity cofilin constructs were appended to the
N and C termini of the Cry2-mCh scaffold (Scheme 1;
Figure S3 b). We initially characterized these Cof-Cry2
fusions using whole-cell illumination to visualize cofilin
recruitment to F-actin in MtLn3 cells. These experiments
revealed that all the cofilin constructs exhibit a rapid light-
induced translocation to the cytoskeleton, but with varied F-
actin residence times: CofS3A-Cry2-mCh<CofS3A.S120A-
Cry2-mCh<CofS3E-Cry2-mCh (Figure S3 c,d). The intracel-
lular F-actin residence time inversely correlates with the
activity of the cofilin mutant, implying that the actin-binding
and severing/depolymerizing activity of the cofilin constructs
play a role in the rate of dissociation of the dimer pair. The C-
terminal cofilin mutants exhibit a similar trend, with the F-
actin residence time inversely mirroring the activity of the
cofilin mutant.

Co-transfection of MTLn3 cells with the Cof-Cry2-mCh
constructs and LifeAct-mTurq2 (to visualize the F-actin

network) revealed that the wild type and the
constitutively active S3A mutant bind to the cortical
F-actin network and other F-actin-rich structures in
the dark (Figure 2 a,b). By contrast, the partially
impaired S3A.S120A construct and the significantly
impaired S3E construct do not associate with F-actin
in the absence of illumination (Figure 2c and Fig-
ure S4). This result is consistent with the known
inability of the S3E mutant to associate with the actin
network.[12] These results demonstrate that, in the
dark, fully active constructs impact cytoskeletal
dynamics, whereas functionally impaired cofilin
mutants do not.

We subsequently carried out global illumination
experiments of MTLn3 cells to assess the conse-

quences of cofilin recruitment on the F-actin network.
MTLn3 cells were simultaneously imaged and stimulated by
illumination at 488 nm once every minute over a ten minute
time course using a confocal microscope at a scan rate of
4 msec/pixel. Cells containing the CofS3A.S120A-Cry2-mCh
construct display a 10 % expansion in cell area upon
illumination (Figure S5), which is consistent with earlier
studies showing that upregulation of cofilin activity (by
epidermal growth factor) induces cell spreading.[13] By con-
trast, cells with the control Cry2-mCh construct exhibit
a slight global retraction. Additional global illumination
experiments were conducted with a wide-field microscope in
order to capture all the changes at the cell periphery. This
experiment revealed the formation of numerous filopodia
upon cofilin recruitment (Figure 3), a response similar to that
produced by treating MTLn3 cells with EGF,[14] which is
known to upregulate cofilin activity.[10a]

Table 1: Summary of actin–pyrene assays of cofilin single and double mutants at
indicated cofilin concentrations.

[Cofilin] [mm] WT S3E S3A S3A S120A S3A D94A S3AK96Q

0.2 ++ � ++ � � �
0.5 +++ � +++ + � �
1 +++ � +++ ++ � �
5 n.d. + n.d. +++ + ++

10 n.d. ++ n.d. +++ + +++
20 n.d. ++ n.d. +++ + +++

40 n.d. ++ n.d. +++ + +++

“�” = no severing; “ + ”= weak severing; “+ +” =moderate severing;
“ + + + ” = strong severing; n.d. = not determined. See Figures S1 and S2 for real-
time plots.

Figure 1. Visualization of light-mediated (488 nm laser, 4 ms/pixel scan
rate, 5% laser power) Cry2-mCh recruitment to LifeAct-Cib-GFP/F-actin
in a) REF52, b) COS-7, and c) MTLn3 cells. 1) Pre-illumination imaging
of Cry2-mCh demonstrates that the construct is distributed throughout
the cytoplasm, 2) post-illumination (10 s) imaging of Cry2-mCh shows
accumulation at F-actin as assessed by 3) imaging of LifeAct-Cib-GFP.
Pearson’s coefficient of (2) and (3) is a) 0.93�0.02, b) 0.96�0.03,
and c) 0.93�0.03; n = 8. Scale bar = 10 mm.
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Previous work has demonstrated that cofilin induces
localized lamellipodia formation and defines the direction of
cell movement.[9a, 12] We utilized brief (100 ms), spatially
restricted pulses of light to induce localized recruitment of
cofilin to F-actin near the leading edge of the cell (Figure 4a

and Figure S7). In response to local recruitment of cofilin,
cells display rapid lamellipodia formation and an increase in
lamellipodia/lamella area (within 30 seconds of stimulus). In
contrast, MtLn3 cells containing control constructs (Cry2-
mCh) exhibit random walking behavior, little or no lamelli-
podia formation, and a slight decrease in lamellipodia/lamella
area encompassing the site of illumination (Figure 4 b and
Figure S7). Finally, we employed multiple light pulses to
repeatedly recruit cofilin to F-actin and thereby stimulate cell
movement over longer distances (Movie S2).

The cofilin knock-out in mice is embryonic lethal,[15] and
a cofilin knock-down in mammalian cell culture impairs
cellular behavior.[16] Consequently, our observation that
a genetically expressed photoresponsive cofilin produces
discernable cellular effects, even in the presence of endoge-
nous wild-type cofilin, provides the means to perturb cofilin
activity without compromising viability. Nonetheless, we also
examined the cellular consequences of cofilin photoactivation
against a reduced wild-type cofilin activity background. This
was achieved by transfecting CofS3A.S120A-Cry2-mCh-
expressing MTLn3 cells with LIM-kinase 1 (LIM-K1),
which phosphorylates endogenous cofilin at Ser-3 and thus
inactivates the ability of cofilin to bind to and remodel the F-
actin cytoskeleton.[9] We note that only endogenous cofilin
can be phosphorylated in this fashion, as CofS3A.S120A
contains a nonphosphorylatable alanine at the S3A position.
LIM-K1 expression resulted in a 50 % increase in endogenous
p-cofilin levels up to approximately 75% of total cofilin
content (Figure S8). CofS3A.S120A-containing MTLn3 cells,
whether or not transfected with LIM-K1, display approx-
imately the same amount of light-induced cell spreading
(Figure S5 c). This implies that the light-responsive Cof-
S3A.S120A construct serves as the dominant remodeler of
the actin cytoskeleton under the illumination conditions
described in this study.

In summary, we have developed a genetically expressed
photoresponsive F-actin remodelling system that exhibits
light-directed motility. Although the design and engineering
of genetically expressed photoresponsive proteins has proven
challenging, we have found that simply reducing the activity

Figure 2. Interaction of Cof-Cry2-mCh constructs with F-actin in the
dark (“background activity”) in MTLn3 cells. a) Cof(WT)-Cry2-mCh,
b) CofS3A-Cry2-mCh, and c) CofS3A.S120A-Cry2-mCh. See Figure S4
for CofS3E-Cry2-mCh. 1) Cof-Cry2-mCh distribution, 2) F-actin distribu-
tion imaged through LifeAct-mTurq2, and 3) overlay highlighting coloc-
alization (green) between the cofilin constructs and F-actin. (a) and
(b) display significant co-localization (green), whereas (c) and the S3E
construct (Figure S4) do not. Scale bar =5 mm.

Figure 3. Cofilin-induced filopodia in MTLn3 cells. a) F-actin network
of an MTLn3 cell transfected with CofS3A.S120A-Cry2-mCh/LifeAct-Cib-
GFP prior to (left) and 10 min after (right) illumination. b) F-actin
network of a Cry2-mCh/LifeAct-Cib-GFP transfected MTLn3 cell prior
to (left) and 10 min after (right) illumination. Numerous filopodia
were formed in the cofilin-transfected cells following light stimulation
[highlighted in (a)]. Eight cells total were examined with the above
light exposure protocol and filopodia counted at prior to and following
illumination. Cofilin-expressing cells have a mean four-fold increase in
filopodia (3.6�0.8)**, while control cells exhibit a negligible change in
filopodial structures (1.3�0.2) n = 10; **p = 0.001, one way ANOVA.
See Figure S6 for a close-up image of filopodia.

Figure 4. Localized recruitment of cofilin induces protrusive behavior.
a) Localized illumination of S3A.S120ACof-Cry2-mCh/LifeAct-Cib-GFP-
containing MTLn3 cells results in lamellipodia formation in the
illuminated region, whereas b) localized illumination in control cells
(Cry2-mCh/LifeAct-Cib-GFP) has little effect. 1) Pre-illumination,
2) 10 s (note the recruitment of cofilin to F-actin fibers) and 3) 8 min
after illumination. The illumination site is highlighted in (1). 4) Cell
protrusion (green) and retraction (red). Significant protrusive activity
is observed in (a)(1) at the illumination site, whereas very little change
is observed in (b)(4). Scale bar = 10 mm.
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of native cofilin is all the engineering required to create
a background-inactive, light-activatable construct. We note
that a significant cellular response is observed even in the
presence of endogenous cofilin. This is fortuitous, as it
potentially affords the opportunity to create healthy genet-
ically engineered animals in which cofilin action can be
subsequently manipulated. For example, recent studies have
shown that the invasive and metastatic behavior in breast
cancer is driven by the activity of the cofilin pathway.[17] It
should now be possible to directly assess the biological
consequences of the abrupt hyperactivation of cofilin as
a function of timing and location in animal models.
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