Optogenetic control of phosphoinositide metabolism
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Phosphoinositides (Pls) are lipid components of cell membranes that
regulate a wide variety of cellular functions. Here we exploited the
blue light-induced dimerization between two plant proteins, cryp-
tochrome 2 (CRY2) and the transcription factor CIBN, to control
plasma membrane PI levels rapidly, locally, and reversibly. The
inositol 5-phosphatase domain of OCRL (5-ptaseocg.). Which acts on
PI(4,5)P, and PI(3,4,5)P3, was fused to the photolyase homology re-
gion domain of CRY2, and the CRY2-binding domain, CIBN, was
fused to plasma membrane-targeting motifs. Blue-light illumination
(458-488 nm) of mammalian cells expressing these constructs
resulted in nearly instantaneous recruitment of 5-ptaseocgr. to the
plasma membrane, where it caused rapid (within seconds) and re-
versible (within minutes) dephosphorylation of its targets as
revealed by diverse cellular assays: dissociation of PI(4,5)P, and PI
(3.4,5)P; biosensors, disappearance of endocytic clathrin-coated
pits, nearly complete inhibition of KCNQ2/3 channel currents, and
loss of membrane ruffling. Focal illumination resulted in local and
transient 5-ptaseocg, recruitment and PI(4,5)P, dephosphorylation,
causing not only local collapse and retraction of the cell edge or
process but also compensatory accumulation of the PI(4,5)P, biosen-
sor and membrane ruffling at the opposite side of the cells. Using
the same approach for the recruitment of PI3K, local PI(3,4,5)Ps syn-
thesis and membrane ruffling could be induced, with corresponding
loss of ruffling distally to the illuminated region. This technique
provides a powerful tool for dissecting with high spatial-temporal
kinetics the cellular functions of various Pls and reversibly control-
ling the functions of downstream effectors of these signaling lipids.
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hosphoinositides (PIs) are key signaling components of cell

membranes that result from the reversible phosphorylation
of phosphatidylinositol at the 3, 4, and 5 positions of the ino-
sitol ring. These reactions give rise to seven PI species that
regulate a variety of cell processes including membrane traf-
ficking, cytoskeleton dynamics, cell migration, cytokinesis, and
ion and metabolite fluxes across membranes. Their signal-
ing is linked to their different subcellular localization, rapid
turnover, and distinct repertoire of binding proteins (1-3).
Given these properties, functional interrogation of PI signal-
ing through experimental manipulation requires precise spatial
and temporal control.

To date, most studies investigating the role of these lipids have
relied on pharmacological or genetic perturbations of the
enzymes responsible for PI synthesis and degradation. Small
molecules that affect these enzymes have been developed, but, as
is the case with all drugs, their off-target effects cannot be ex-
cluded. Genetic manipulations (knockout, knockdown, and
overexpression studies), as well as studies of patients harboring
mutations in such enzymes, have greatly advanced our un-
derstanding of the functions of these lipids (2-5). However, these
experimental approaches involve long-term changes that can
result in compensatory adaptive responses and can cloud a clean
interpretation of results. The recently characterized voltage-
sensitive inositol 5-phosphatases (5-ptases) are a very powerful
tool to deplete PI(4,5)P, and PI(3,4,5)P; rapidly in the plasma
membrane but cannot be applied broadly to the study of other
PI-metabolizing enzymes and do not allow local regulation
within a cell (6, 7).
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Methods that use chemicals to induce protein dimerization
acutely also have been developed. The FKBP-FRB rapamycin-
dependent dimerization system was used to recruit different PI-
metabolizing enzymes to specific membranes (8, 9). It thus has
helped explore effects of PIs on a variety of parameters such as
signal output, endocytosis, ion-channel gating, plasma membrane
actin regulation, and endosome maturation (8-13). Although
this technique has been instrumental in advancing our un-
derstanding of PI signaling, it still has limitations. Dimerization
is virtually irreversible on the time-scale of lipid signaling, and it
requires a cofactor (rapamycin or a rapalogue) that must pene-
trate the cell membrane, thus affecting speed of action and
limiting its applicability to living organisms. Moreover, drugs
cannot be applied with subcellular precision, although the use of
caged rapamycin activated by UV has been reported (14).

During the last few years there have been major developments
in the field of optogenetics, the methodology that allows non-
invasive manipulation of cell function by genetically encoded
light-sensitive probes (15). This technique has gained widespread
application in the regulation of neuronal function via light-reg-
ulated ion channels. In addition, light-controlled dimerization
systems have been introduced that promise to have a major
impact in cell biology, including the regulation of phospholipid
metabolism (16) and manipulations of cell function at subcellular
resolution (17, 18). There are several variants of the technology
(19, 20). One is based on two plant proteins, cryptochrome 2
(CRY?2) and the transcription factor CIB1, that together control
expression of genes regulating floral initiation. Upon blue-light
illumination, a FAD molecule bound to the photolyase homol-
ogy region (PHR) of CRY2 (CRY2PHR) absorbs a photon,
causing a conformational change in this domain that promotes
binding to the N-terminal portion of CIB1 (CIBN) (Fig. 14)
(21). In this study we exploited the light-inducible interaction of
these two domains for the acute manipulation of PI(4,5)P, and
PI(3,4,5)P; in the plasma membrane via the recruitment of
S-ptases or PI3-kinase. We show that this system produces
a nearly instantaneous and reversible change in the levels of the
two PIs with subcellular spatial control. When used with focal
illumination, it had a robust impact on cell polarity, caused not
only by perturbations of the local plasma membrane but also by
compensatory changes at other regions of the cell surface.

Results and Discussion

Blue Light-Induced Recruitment of a 5-Ptase Dephosphorylates PI(4,5)
P, in the Plasma Membrane. The CRY2-CIBN dimerization sys-
tem was used to recruit phosphatidylinositol S-phosphatase
modules [i.e., modules that dephosphorylate the 5-position of
the inositol ring of PI(4,5)P, and PI(3,4,5)P5] to the plasma
membrane (Fig. 14). mCherry-tagged constructs comprising
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Fig. 1. Rapid PI(4,5)P, dephosphorylation produced by blue light-induced recruitment of a 5-ptase to the plasma membrane of COS-7 cells. (A) Schematic
drawing depicting constructs used to induce and detect PI(4,5)P, dephosphorylation. (B) (Upper) Confocal micrographs showing the localization of mCh-CRY2-
5-ptaseocr. before, during, and 10 min after illumination with 20 x 300-ms blue-light pulses. (Scale bar: 10 pm.) (Lower) Kymograph drawn along the dashed
white line in the upper panel illustrating the nearly instantaneous (within seconds) plasma membrane recruitment of the 5-ptase. Pictures in the upper row
are from the time-points indicated below the kymograph. (C) (Upper) Confocal micrographs showing the localization of mCh-CRY2-5-ptaseocgr. and iRFP-
PHp,cs1 before, during, and 16 min after blue-light illumination. (Scale bar: 10 pm.) (Lower) Kymographs drawn along the dashed white lines in the fields
shown in the upper panel. Pictures in the upper row are from the time-points indicated below the kymograph. (D) Dynamics of plasma membrane-associated
fluorescence for mCh-CRY2PHR-5paseocr. (green) and iRFP-PHp 51 (red) before, during, and after blue-light illumination (n = 12 cells). (E) Confocal micro-
graphs of the peripheral region of a cell expressing both mCh-CRY2-5paseocr. (green) and iRFP-PHp cs1 (red) before and 10 s after a single 100-ms blue-light

pulse delivered locally (blue square). Note that the effect of illumination occurs only in the adjacent plasma membrane region. (Scale bar: 5 um.)

CRY2PHR fused to 5-ptase modules of OCRL or INPP5E (22,
23) (mCh-CRY2-5-ptaseocrr. and mCh-CRY2-5-ptasenppse,
respectively) were coexpressed in COS-7 cells with a CIBN-GFP
fusion protein comprising a C-terminal CAAX box for plasma-
membrane targeting (CIBN-GFP-CAAX). Global cell illumina-
tion and fluorescence confocal microscopy revealed that expo-
sure of cells to a train of 20 X 300-ms blue-light pulses (488 nm,
except for electrophysiology experiments; see below) resulted
in a rapid recruitment of both 5-ptases to the plasma membrane
(tip = 2.8 = 0.8 s for 5-ptasernppse and t1, = 3.0 + 0.7 s for
5-ptaseocrr) and that this recruitment was reversible upon in-
terruption of the illumination (¢, of recovery = 3.6 + 0.5 min
for 5-ptaseinppse and 3.8 + 0.6 min for S5-ptaseocrr). Both
5-ptase modules were recruited efficiently to the plasma mem-
brane (Fig. 1B and Fig. S14). However, because the 5-ptase
module of OCRL was more potent in depleting PI(4,5)P, (see
below), subsequent experiments (except when indicated) were
performed with OCRL.

Coexpression of mCh-CRY2-5-ptaseocrr. With the near-in-
frared PI(4,5)P, biosensor iRFP-PHpy 51 (24, 25) made possible
simultaneous blue-light illumination and dual-color imaging,
allowing us to show that 5-ptase recruitment correlated with the
rapid (12 = 3.1 £ 0.2 s, n = 32) and reversible (t;, = 6.8 £ 1
min) displacement of the biosensor from the plasma membrane.
Such displacement peaked even before the peak of 5-ptase re-
cruitment (Fig. 1 C and D and Movie S1). Notably the depletion
of PI(4,5)P, from the plasma membrane had no effect on the
association of the CIBN fusion protein with the plasma mem-
brane (Fig. S2E). The changes in the localization of the 5-ptase
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recovered within minutes, consistent with the reported time
constant of the dissociation of CRY2 and CIBN (21). The re-
covery of PI(4,5)P, lagged slightly because of the additional time
required for its resynthesis after dissociation of the highly active
5-ptase from the plasma membrane (Fig. 1D).

Besides offering the advantage of reversibility, the time-course
of PI(4,5)P, dephosphorylation afforded by the CRY2-CIBN
dimerization system is more than an order of magnitude faster
than that of the rapamycin-dependent dimerization system (8).
In addition, this system offers the possibility of recruiting the
5-ptase locally within a cell. When a single 100-ms blue-light
pulse was delivered to a 4-um?” spot (i.e., the small volume of
cytoplasm underlying this spot) near the cell edge, robust mCh-
CRY2-5-ptasegcrr recruitment occurred only in the directly
adjacent plasma membrane region, with corresponding dis-
placement of iRFP-PHp; ¢5; (Fig. 1E and Movie S2).

Selective PI(4,5)P, Dephosphorylation in the Ventral Cell Membrane.
Efficient local recruitment of the phosphatase near an illumi-
nated cytoplasmic region could be achieved by combining the
CRY2-CIBN system with total internal reflection fluorescent
microscopy (TIRFM). TIRFM illumination minimizes fluo-
rophore bleaching and phototoxicity and allows direct quantifi-
cation of changes in plasma membrane fluorescence (26).
Although such illumination selectively activates only the small
fraction of cytosolic CRY2 fusion protein within the evanescent
field (i.e., the “ventral” cell region closely apposed to the cell
substrate), it still was efficient in promoting the association of
mCh-CRY2-5-ptaseocrr. With the nearby plasma membrane
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(Fig. 2 A and B and Movie S3). A key difference between global
illumination (by either confocal or epifluorescence microscopy)
and TIRFM illumination was that maximal recruitment of the
5-ptase with TIRFM required longer blue-light exposure to allow
a sufficient number of mCh-CRY2-5-ptaseocrr. molecules to
diffuse through the evanescent field. A direct comparison of
mCh-CRY2-5-ptasepcrr.  recruitment to the ventral plasma
membrane after evanescent wave or global (epifluorescence) il-
lumination is shown in Fig. S1 B-D. Further experiments were
performed with a train of light pulses (>20) eliciting maximal
plasma membrane translocation.

Recruitment of the 5-ptase by a train of 30 x 300-ms pulses via
the evanescent field produced rapid (¢, = 20 = 2 s, n = 32)
dissociation of cotransfected RFP-PHpjcsifrom the ventral
plasma membrane, demonstrating PI(4,5)P, 5-dephosphory-
lation. RFP-PHp 51 dissociation was reversed completely within
10 min (Fig. 2 A-C), and repetitive trains delivered after re-
covery of RFP-PHp; 5; elicited identical responses (Fig. 2D).

When the wild-type catalytic module was replaced by a catalyti-
cally inactive mutant (Fig. 2C), there was no displacement of
RFP-PHp| c5; from the plasma membrane, confirming that the
catalytic action of the 5-ptase is responsible for PI(4,5)P, 5-de-
phosphorylation. The specificity of the S-ptase reaction was
assessed further with biosensors for the other plasma membrane
substrate for this module, PI(3,4,5)P5, and for the products of its
catalytic action, PI(4)P and PI(3,4)P,. Dual-wavelength record-
ings showed that plasma membrane recruitment of 5-ptaseorcr
was associated not only with loss of plasma membrane fluores-
cence for PI(4,5)P, reporters (GFP- or RFP-PHp c51) but also
with loss of fluorescence for a PI(3,4,5)P; reporter (mCherry-
PHgrp:) and with an increase in plasma membrane fluorescence
for a PI(4)P reporter (GFP-PHpgsgp) and a PI(3,4)P, reporter
(mRFP-PHrqpp1) (Fig. 2 H-K) (27-29).

The loss of PI(4,5)P, and PI(3,4,5)P; from the ventral plasma
membrane was validated further by the arrest of endocytic cla-
thrin-coated pit formation. TIRFM of COS-7 cells expressing the
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Fig. 2. Pl changes produced by blue light-induced 5-ptase recruitment to the plasma membrane and arrest of clathrin-mediated endocytosis. Both illumi-
nation and image recording of COS-7 cells were carried out by TIRFM. (A) Images of cells expressing mCh-CRY2-5-ptaseocr. (Upper) and RFP-PHp 51 (Lower)
before, during, and 10 min after exposure to a train of 30 x 300-ms blue-light pulses delivered through the evanescent field. (Scale bar: 10 pm.) (B) Schematic
drawing illustrating blue-light delivery through TIRF illumination and selective dephosphorylation of PI(4,5)P, on the ventral cell membrane. (C) TIRFM
recordings of plasma membrane RFP-PHp 51 fluorescence following blue-light exposure of cells coexpressing CIBN-CAAX and CRY2-5-ptaseocr. (black) or
catalytically inactive CRY2-5-ptaseocri(ps23g) (blue). Data are presented as means + SEM for 44 WT and 17 D523G cells. (D) TIRFM recording of plasma
membrane RFP-PHp 51 fluorescence of a cell subjected to three 30 x 200-ms sequential illumination pulse trains showing reproducible PI(4,5)P, de-
phosphorylation. (E) Scatterplot showing the drop in plasma membrane RFP-PHp ¢5; fluorescence from cells coexpressing CIBN-CAAX and CRY2-5-ptase nppse,
CRY2-5-ptaseinppseossea)y CRY2-5-ptaseocry, or CRY2-5-ptaseocrips2sc) (N = 16-40 cells). (F) The ty,» for RFP-PHp cs1 plasma membrane dissociation following
recruitment of CRY2-5-ptaseocr. or CRY2-5-ptase;nppse (1 = 32 and 28 cells, respectively). (G) The t;,, for RFP-PHp 51 reassociation with the plasma membrane
(n =32 and 28 cells). (H-J) Dual-color TIRFM recordings from single cells expressing CRY2-5-ptaseocr, CIBN-CAAX, and pairs of fluorescent proteins as indicated
during exposure to 30 x 200-ms blue-light pulses. Note that data points for GFP imaging were collected only during blue-light illumination. (K) Average
change in plasma membrane fluorescence for the data presented in H-J (n = 8-40 cells). (L—N) TIRFM analysis of cells expressing CRY2-5-ptaseocri, CIBN-CAAX,
and p2-mCherry before, during, and after exposure to a 10-min train (200 ms, 5-s interpulse intervals) of blue-light pulses. (L) p2-mCherry fluorescence
reflecting individual clathrin-coated pits (fluorescence is shown in black for clarity) in a small cell region before, during, and 20 min after the illumination.
(Scale bar: 3 um.) (M) Representative kymograph. (N) Average number (+ SEM) of p2-mCherry spots (red) and newly formed spots (black) (n = 6 cells).
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mCherry-tagged p2-subunit of the clathrin adaptor AP2 (p2-
mCherry) revealed the typical appearance and disappearance of
fluorescent spots (Movie S4) reflecting the nucleation, growth,
and fission of clathrin-coated pits. Blue light-induced re-
cruitment of 5-ptaseocrr to the plasma membrane resulted in
rapid (within 2 min) and dramatic (80%) loss of p2-mCherry
spots (Fig. 2 L-N). The few remaining p2-mCherry spots became
less fluorescent and static. As cells were allowed to recover in the
absence of blue light, dynamic p2-mCherry spots reappeared
within 10 min, consistent with the recovery time of PI(4,5)P,
(Fig. 2C and Movie S1). Similar results were obtained in cells
expressing mRFP-tagged clathrin light chain (CLC-mRFP) (Fig.
S3 A4 and B).

Comparison of Dimerization Components. TIRFM was used to
compare the efficiency of mCh-CRY2-5-ptaseinppsg relative to
mCh-CRY2-5-ptaseocrr. in dephosphorylating PI(4,5)P,. Al-
though the dynamics of the recruitment and release of these two
modules at the plasma membrane were nearly identical (Fig
S1A), 5-ptasenppse Was about 50% less efficient and half as fast
as 5-ptaseocrr in displacing RFP-PHp s from the plasma
membrane (Fig. 2 E and F). Whether the difference reflects the
intrinsic catalytic activities of the two phosphatase modules or
a better presentation of Spaseocry in the context of our di-
merization system is an open question. The recovery of P1(4,5)P,
upon interruption of blue-light illumination, which reflects pri-
marily dissociation of the CRY2-CIBN dimer, was similar for
the two phosphatases (¢, = 6.4 + 0.3 for CRY2-5-ptaseocrL
and 5.5 + 0.6 min for CRY2-5-ptasernppse) (Fig. 2G).

The properties of different plasma membrane-anchoring
motifs as plasma membrane localized “baits” for recruiting
CRY2-5-ptases were compared also. CIBN-GFP-CAAX was
compared with three other constructs in which the CIBN-GFP
modules were (i) N-terminally tagged with the 11 N-terminal
amino acid residues of Lyn kinase (which undergo myristoylation
and palmitoylation), (if) N-terminally tagged with the 10 N-ter-
minal residues from Lck (which undergo myristoylation and 2x
palmitoylation), or (#ii) C-terminally tagged with the trans-
membrane domain of human SyntaxinlA. These three fusion
proteins localized to the plasma membrane, and blue-light illu-
mination caused translocation of mCh-CRY2-5-ptasepcrr. to
this membrane in these cells (Fig. S2 4 and B). Although the
kinetics of translocation was comparable to those seen in cells
expressing CIBN-GFP-CAAX, the magnitude of the trans-
location was lower (Fig. S2B). Nevertheless, recruitment of
CRY2-5-ptaseocrr by all baits resulted in similar displacement
of RFP-PHpj cs1, suggesting that the amount of 5-ptase recruited
is not rate limiting in dephosphorylating P1(4,5)P, (Fig. S2 C
and D).

We attempted to target the CRY2PHR modules, rather than
CIBN modules, to the plasma membrane via a lipid anchor and
to fuse the 5-ptase to the CIBN module. Such a method would
allow induction of dimerization with a more precise level of
subcellular resolution because the light-sensitive component
would be tethered to the membrane rather than free in the cy-
tosol. However, the constructs that we generated were found to
dimerize much less efficiently, possibly because of steric hin-
drance, and they were not studied further.

Blue Light-Induced Inhibition of KCNQ2/3 Channel Current. To assess
the effect of mCh-CRY2-5-ptaseocry recruitment on PI(4,5)P,
dephosphorylation with maximal temporal resolution, whole-cell
currents in KCNQ2/3 (KV7.2/7.3) channels were measured si-
multaneously with confocal imaging. KCNQ2/3 channels need PI
(4,5)P; as a positive cofactor to remain open, and depletion of PI
(4,5)P, results in channel closure (8, 9). Illuminating tsA-201
cells with sustained blue light (458 nm) resulted in rapid re-
cruitment of mCh-CRY2-5-ptaseocry, to the plasma membrane
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and nearly immediate (t;, = 1.2 = 0.3 s; n = 9) and complete
(95%) inhibition of KCNQ2/3 currents that persisted throughout
the illumination period (Fig. 34). The reversibility of the blue
light-mediated CRY2-CIBN interaction is highlighted again by
the recovery of KCNQ2/3 currents (¢, = 286 = 33 s; n = 5)
nearly to control levels following a brief (1-s) pulse of blue light
(Fig. 3B). Coexpression of KCNQ2/3 channels with CRY2-5-
ptaseocrr. and the PI(4,5)P, biosensor RFP-PHpy s permits
simultaneous monitoring of PI(4,5)P, by two different methods.
The rapid displacement of the PI(4,5)P, biosensor from the
plasma membrane and the precipitous fall in KCNQ2/3 currents
were synchronous (Fig. 3C). The reduction of KCNQ2/3 currents
occurs before maximal recruitment of the 5-ptase, again in-
dicating that more enzyme is expressed than is needed for strong
PI(4,5)P, depletion. Recruitment of the catalytically inactive
mutant to the plasma membrane resulted in no change in either
RFP-PHp; 51 fluorescence intensity or KCNQ2/3 currents (Fig.
3D), confirming that neither blue light alone nor any cellular
change that occurs as a result of recruitment is responsible for
loss of PI(4,5)P,.

As described, a great advantage of the CIBN-CRY2 system
over chemical dimerization is the ability to recruit the 5-ptase to
the plasma membrane in a spatially defined manner. When
a single 1-s pulse of blue light was delivered to a 5 X 2 pm spot
near the cell edge, CRY2-5-ptaseocrr. Was recruited to and
dephosphorylated PI1(4,5)P, only in the proximity of the illumi-
nated region (Fig. 3E). This local perturbation in PI(4,5)P, led to
a partial decrease in whole-cell KCNQ2/3 currents. After re-
covery, global illumination with blue light resulted in a larger
decrease of KCNQ2/3 currents and a larger increase in cyto-
plasmic RFP-PHp; ¢ fluorescence.

Acute Local Perturbation of Actin Nucleation by Focal Blue-Light
lllumination. Consistent with the role of PI(4,5)P, and P1(3,4,5)P;
in the nucleation of actin at the plasma membrane (30), global
recruitment of 5-ptaseocrr resulted in the loss of peripheral
actin, decreased membrane ruffling, and retraction of the cell
edges (Fig. S3 C-E). Thus, we explored the use of the mCh-
CRY2-CIBN 5-ptase system to induce local perturbations of the
actin cytoskeleton and changes in cell polarity. As shown by
confocal microscopy, when a single 100-ms blue-light pulse was
delivered to an ~4-um? region of COS-7 cells expressing CRY2-
S-ptaseocrr and iRFP-PHp ¢51, the rapid and selective loss of
iRFP-PHp| 51 from the adjacent plasma membrane region was
accompanied by local loss of ruffling and cell retraction. In-
terestingly, these local perturbations correlated with increased
ruffling and increased plasma membrane association of iRFP-
PHp, 51 at the opposite pole of the cell. This phenomenon is
illustrated by individual images (Fig. 4 A and B and Movie S5)
and by a quantification of the redistribution of the RFP-PHp; 51
fluorescence obtained from the analysis of 10 cells (Fig. 4C). The
changes at sites distant from the illuminated area may reflect
increased availability of the PI(4,5)P, probe and of actin and
actin-nucleating proteins as they dissociate from the illuminated
side. A compensatory increase in PI(4,5)P, levels also could
occur through the redistribution of PI kinases and phosphatases.
Gradients of PIs generated by asymmetric distribution of kinases
and phosphatases, with an impact on cell polarity, have been
described in polarized epithelial cells (30) and in Dictyostelium
discoideum (31), where the concentration of PI3-kinase and of
PTEN at opposite poles of the cell generate a P1(3,4,5)P; gra-
dient. Such gradients develop rapidly, within seconds, similar to
the ones we describe here.

The adaptive response produced by a localized depletion of PI
(4,5)P, was illustrated in a subset of cells in which PI(4,5)P, was
depleted selectively on the ventral plasma membrane via a train
of blue-light pulses delivered through the evanescent field. Sur-
prisingly, upon interruption of the illumination, the recovery of
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Fig. 3. Blue light-induced recruitment of a 5-phosphatase to the plasma
membrane rapidly decreases KCNQ2/3 current. (A) (Top) Confocal micrographs
show subcellular distribution of mCh-CRY2-5-ptasepcr. 10 s before and 150 s
after blue-light illumination. Simultaneous measurement of normalized mCh-
CRY2-5-ptaseocr, fluorescence intensity at the plasma membrane (Middle) and
whole-cell KCNQ2/3 currents (Bottom) from a tsA-201 cell following sustained,
globalillumination of the cell with 458-nm blue light. Fluorescence intensity was
normalized to initial intensity (F/Fo). (Inset) KCNQ2/3 current traces before (black)
and after (blue) illumination. The histogram summarizes the percentage in-
hibition of KCNQ2/3 currents following mCh-CRY2-5-ptaseocr,. recruitment (n =
9). (B) (Top) Confocal micrographs show subcellular distribution of mCh-CRY2-5-
ptaseocr. 10 s before and 150 s and 600 s after blue-light illumination. Simulta-
neous confocal measurement of normalized mCh-CRY2-5-ptaseocg, fluorescence
intensity at the plasma membrane (Middle) and KCNQ2/3 currents (Bottom)
following a 1-s blue-light pulse. (C) (Top) Confocal micrographs show subcellular
distribution of PHp.c51-RFP 10 s before and 60 s after blue-light illumination.
(Middle) Confocal time series measurements of normalized PHp, 51-RFP fluores-
cence intensity in the cytoplasm (solid red line) and plasma membrane (dashed
red line) following recruitment of CRY2-5-ptaseocr. With a 1-s pulse of blue light.
(Bottom) Whole-cell KCNQ2/3 current recordings in response to the same stim-
ulus. (D) (Top) Confocal micrographs show subcellular distribution of PHp c51-RFP
10 s before and 40 s after blue-light illumination. Measurement of fluorescence
intensity of PHp cs1-RFP (Middle) at the plasma membrane and whole-cell
KCNQ2/3 current (Bottom) following the recruitment of CRY2-5-ptaseocrips23c)
with a 2-s pulse of blue light. (E) (Left) Confocal micrographs of a tsA-201 cell
expressing CRY2-5-ptaseocr(, CIBN-CAAX, KCNQ2/3, and PHp c51-RFP 10s before,
20 s after local (area of local stimulation = 2 x 5 pm; blue arrowheads), and 100 s
after global illumination of the cell with blue light. (Right) Concurrent moni-
toring of normalized cytoplasmic PHp c51-RFP fluorescence intensity (Upper) and
KCNQ current (Lower) following local and global illumination with blue light.
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RFP-PHp; 51 fluorescence on the ventral plasma membrane,
which proceeded in a centripetal direction, was associated with
a pronounced ruffling at the cell periphery that greatly exceeded
the preillumination ruffling and resulted in an extension of the
cell edges (Fig. 4 D and E and Movies S6 and S7).

A striking example of the impact of PI(4,5)P, dephosphoryla-
tion on cell polarity was provided by the effect of local P1(4,5)P,
depletion on the tip of a PCI12 cell process. A single 100-ms
blue-light pulse induced loss of PI(4,5)P,, resulting in a dramatic
retraction of the process (Fig. 4F and Movie S8).

Global and Local PI(3,4,5)P; Synthesis In Response to Light-Dependent
PI3-Kinase Recruitment. Next, we assessed the potential of the
CRY2-CIBN system to generate PI(3,4,5)P; at the plasma
membrane. A “light-inducible” PI3-kinase was generated using
the strategy used previously for the nonreversible rapamycin
heterodimerization system (8), i.e., by fusing the inter-SH2
(iSH2) region of the p85a regulatory subunit of class I PI3-
kinases to the C terminus of mCh-CRY2. iSH2 binds endoge-
nous PI3-kinase pl10a catalytic subunits constitutively, so that
upon blue-light illumination the subunits are recruited along
with the iSH2 region to the plasma membrane (Fig. 54).

Confocal microscopy imaging of serum-starved COS-7 cells
coexpressing mCh-CRY2-iSH2 and the membrane-targeting
component CIBN-GFP-CAAX showed rapid (1, = 14 + 2 s,
n = 12 cells) plasma membrane translocation of mCh-CRY2-
iSH2 upon global blue-light illumination. Translocation was
associated with pronounced membrane ruffling (Fig. 5B and
Movie S9), as expected given the powerful stimulating activity
of PI(3,4,5)P; on Rac activation and thus on Rac effectors that
control actin nucleation (32, 33). Coexpression of CIBN-GFP-
CAAX and a nonfluorescent iSH2 (CRY2-iSH2) along with the
PI(3,4,5)P; reporter RFP-PH 5 showed redistribution of RFP-
PH A from the cytoplasm to the plasma membrane upon blue-
light illumination, confirming PI(3,4,5)P; generation in this
membrane (Fig. 5C). Such redistribution was reversed by
allowing the cells to recover in the absence of blue light or by
the addition of the PI3-kinase inhibitors wortmannin (0.5 pM)
or L'Y294002 (50 pM) (Fig. 5C and Fig. S4). Local illumination
of the same cells produced local PI(3,4,5)P; elevation and
ruffling with reciprocal loss of membrane ruffles in other parts
of the cell, thus inducing cell polarity (Fig. 5 D-G and
Movie S10).

Concluding Remarks

Chemically dependent dimerization methods for the acute re-
cruitment of catalytic modules to control PI metabolism on
specific membranes have been used successfully in numerous
studies (8-13). The light-dependent system described here offers
several advantages over chemical dimerization for the control of
PI levels. (i) It produces at least an order of magnitude faster
response. (if) It is reversible, with a #1, of minutes. (iii) It avoids
potential off-target effects of the drug. (iv) It allows the in-
dependent study of multiple cells in a cohort of cells. (v) It allows
spatial control of dimerization, and hence of PI regulation, with
high subcellular precision. (vi) It can, in principle, be applied to
tissues of an intact organism, as in the case of widely used
optogenetic methods involving light-sensitive channels, thus
overcoming problems related to systemic drug administration
and permeability barriers.

A disadvantage of light-dependent dimerization, which may
limit some applications and in particular applications to living
organisms, is that cells and tissues expressing the two components
of the system must be protected from green/blue light until the
time of the experiment. Other optogenetic systems work in the far
red portion of the spectrum but require cofactors (19, 20). An
additional drawback of the system is that it precludes the use of
green or blue light-emitting fluorescent proteins, thereby limiting
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Fig. 4. Local perturbation of actin dynamics induced by focal blue light-dependent recruitment of a 5-ptase. (A) Confocal micrographs of a COS-7 cell
expressing mCh-CRY2-5-ptaseocr, (green), CIBN-CAAX, and iRFP-PHp c51 (red) before and 10 s after exposure to a single, locally delivered 100-ms blue-
light pulse (blue square). (B) Kymographs drawn along the two white lines in A, either close to (a) or far from (b) the site of focal blue-light illumination.
The red arrow indicates a peripheral ruffle. (C) Quantification of the change in plasma membrane RFP-PHp c51 fluorescence close to (green) or far from
(red) the site of focal blue-light illumination as shown in the drawing. Data shown are from 10 cells (means + SEM). (D and E) TIRFM analysis of a COS-7 cell
expressing CIBN-CAAX, CRY2-5-ptaseocrL, and RFP-PHp 51 before, during, and after exposure to a train (30 x 200 ms) of blue-light pulses delivered
through the evanescent field. (D) TIRFM images (Upper) and kymograph drawn along the white dotted line (Lower). Note the appearance of RFP-PHp c51—
positive ruffles during the recovery phase (red arrows). At time point 2 min there is a change in the position of the cell causing a downward shift in the
kymograph of approximately 1 um. (E) TIRFM recordings of RFP-PHp 51 fluorescence (average of eight cells). Lines represent fluorescence change for the
corresponding color-coded areas in D, Left. (F) Confocal micrographs of RFP-PHp 51 fluorescence in a PC-12 cell coexpressing CRY2-5-ptasepcr. and CIBN-
CAAX before and after exposure to a locally delivered 100-ms blue-light pulse (blue square). Black-and-white signal has been inverted for clarity. (Scale

bars: 10 pm.)

multiparametric imaging of effects induced by the dimerization in
living cells. However, as we have shown here, the recent in-
troduction of near-infrared fluorescent proteins allows two-color
imaging before and during blue-light illumination (Fig. 1C).
Reversibility and the possibility of achieving local cell mod-
ifications are particularly strong advantages of light-dependent
dimerization. Reversibility allows for internal controls in a variety
of experimental paradigms. Local control, as previously demon-
strated in the case of Rac activation (17, 18), makes the system
suitable for studying mechanisms regulating cell polarity and di-
rected cell growth, because these processes have been shown to be
heavily dependent on PI gradients (34-36). We found that focal
recruitment of PI-metabolizing enzymes rapidly causes lipid gra-
dients resulting in cell polarization, driven not only by the spatially
restricted changes at sites of illumination but also by compensatory
reactions in distal regions. Because local changes in lipid levels are
expected to occur physiologically, as the cell interfaces with the
heterogeneous local environment, the technique described here

Idevall-Hagren et al.

allows the study of cellular responses to spatially localized signals.
Importantly, local control allows selective manipulation of distinct
compartments of large cells, such as dendrites and axons of neu-
rons. The impact of the activation of an inositol 5-phosphatase at
the tip of a growing neurite of a PC12 cell (Fig. 4F) provides
a striking example of the potential of this technique to study the
role of PIs in neurite navigation.

In conclusion, the system described here allows unprece-
dented spatial and temporal control of plasma membrane Pls
within single cells. This method can be modified by targeting
different PI metabolizing enzymes to various cellular mem-
branes. It will allow further detailed dissection of the function of
various PIs and will permit reversible perturbation of cellular
processes downstream of these signaling lipids.

Materials and Methods
Plasmids and Reagents. CRY2-mCherry and CIBN-GFP-CAAX were kind gifts
from Chandra Tucker (University of Colorado Denver, Denver, CO) (21). Blue
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Fig. 5. Global and local membrane ruffling produced by light-induced PI
(3,4,5)P3 synthesis. (A) Schematic drawing depicting constructs used to in-
duce blue light-mediated plasma membrane recruitment of the endogenous
catalytic p110a-subunit of PI3-kinase using the iSH2 region of the regulatory
p85a-subunit as bait. (B) Confocal micrographs of a COS-7 cell expressing
CIBN-CAAX and mCh-CRY2-iSH2. Images were taken before, during, and 10
min after the cells were exposed to a 5-min train (60 x 200 ms) of blue-light
pulses. (Scale bar: 10 pm.) (C) Confocal micrographs showing a portion of
a COS-7 cell expressing CIBN-CAAX, CRY2-iSH2, and RFP-PH before, dur-
ing, and 10 min after cell-wide blue-light illumination. (Scale bar: 5 um.) (D)
Confocal micrograph of a COS-7 cell expressing CIBN-CAAX, CRY2-iSH2, and
RFP-PHakt (RFP signal is shown in black). (Scale bar: 10 pm.) The cell was
subjected to sequential focal illumination at two opposite sites as indicated
by small blue circles. (E) Magnifications of the two boxed areas in D (a and b)
at the times indicated. (F) Kymographs drawn along the blue and red lines in
E. (G) Diagrams showing the distribution of RFP-PHAk—positive membrane
ruffles in the absence or presence of focal blue-light illumination at the site
indicated. Data shown are pooled from five cells.

light-recruitable 5-phosphatases were generated by fusing the catalytic
domains of human INPP5E (residues 214-644) and OCRL (234-539) to the C
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terminus of mCherry-CRY2. The light-inducible PI3-kinase was generated by
fusing the iSH2 domain of human p85« (residues 420-615) to the C terminus
of mCherry-CRY2. The near-infrared PI(4,5)P, biosensor iRFP-PHp c51 was
generated by N-terminal fusion of iRFP (31857; Addgene) (24) with the
pleckstrin homology domain of human PLCs; (residues 11-140) (25). All
cloning was done using standard molecular biology techniques. Detailed
information about cloning and other fusion proteins used in this study is
found in S/ Materials and Methods.

Cell Culture and Transfection for Imaging. COS-7 cells were maintained in
DMEM supplemented with 4.5g/L glucose, 2 mM L-glutamine, and 10% (vol/
vol) FBS and were cultured in a humidified atmosphere at 37 °C and 5% (vol/
vol) CO,. PC-12 cells were maintained in RPMI-1640 supplemented with 25
mM glucose, 10 mM Hepes, 1 mM sodium pyruvate, 10% (vol/vol) heat-
inactivated horse serum, and 5% (vol/vol) FBS. Transient transfection was
performed using Lipofectamine 2000 according to the manufacturer’s
instructions. Before imaging, cells were transferred to a buffer containing (in
mM) 125 Nacl, 4.9 KCI, 1.28 CaCl,, 1.2 MgCl,, 3 glucose, and 25 Hepes ad-
justed to pH 7.4 with 2 M NaOH.

Confocal Microscopy. Spinning-disk confocal microscopy was performed using
the Improvision UltraVIEW VoX system (Perkin-Elmer) built around a Nikon Ti-
E inverted microscope, equipped with PlanApo objectives (60x 1.45-NA) and
controlled by Volocity (Improvision) software. Laser light (488 nm) was used
to induce dimerization between CRY2 and CIBN and to image GFP-fusion
proteins, and 561-nm and 640-nm laser lines were used to image mCherry/
mRFP and iRFP, respectively. Images typically were sampled at 0.2 Hz with
exposure times in the 100- to 500-ms range. A built-in fluorescence recovery
after photobleaching unit was used to deliver 488-nm light with subcellular
precision, using 2% of the total laser output (50 mW) and 100- to 200-ms
illumination. All imaging was performed at 37 °C except for the experiments
shown in Fig. 3 (see below), which were performed at room temperature.

TIRFM. To visualize plasma membrane fluorescence selectively, cells were
imaged at 37 °C with a total internal reflection fluorescent (TIRF) microscope
setup built around a Nikon TiE microscope equipped with 60x 1.49-NA and
100x 1.49-NA objectives. Excitation light was provided by 488-nm (for GFP
and blue-light activation) and 561-nm (mCherry and mRFP) diode-pumped
solid-state lasers coupled to the TIRF illuminator through an optical fiber.
The output from the lasers was controlled by an acousto-optic tunable filter,
and fluorescence was detected with an EM-CCD camera (DU-887; Andor).
Acquisition was controlled by Andor iQ software. Images typically were
sampled at 0.2 Hz with exposure times in the 100- to 500-ms range.

Dual Electrophysiological/Confocal Recordings. KCNQ2/3 currents were re-
corded from transfected tsA-201 cells in whole-cell, gigaseal voltage clamp
configuration using borosilicate glass pipettes with resistance of ~2.2 MQ.
Recordings were made using an Axon Axopatch 200B amplifier with Pulse
software (HEKA). Currents were filtered at 2.9 kHz with sampling intervals of
200 ps. Confocal images were taken using a Zeiss 710 laser-scanning confocal
microscope, equipped with a 63x 1.49-NA objective. Dimerization was in-
duced using the 458-nm laser line. Cells were recorded in a 100-uL chamber
continuously superfused (1 mL/min) with Ringer’s solution containing (in
mM) 160 Nacl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 10 Hepes, 8 glucose, pH 7.4 (NaOH).
Internal solution was (in mM): 175 KCl, 5 MgCl,, 5 Hepes, 0.1 K4,BAPTA, 3
Na,ATP, 0.1 Na3GTP, pH 7.4 (KOH). Electrophysiological and imaging
experiments were done at room temperature (21-23 °C).

Image Analysis and Statistics. Changes in plasma membrane fluorescence
(TIRFM) or redistribution of fluorescence between the plasma membrane
profile and the cytosol (confocal microscopy) were analyzed off-line using Fiji
(http:/fiji.sc/wiki/index.php/Fiji). Fluorescence changes were quantified using
IgorPro (Wavemetrics Inc.). All data are presented as mean + SEM. Statistical
significance was determined using Student’s t tests; P < 0.05 was taken
as significant.
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