PERSPECTIVES

((Q TECHNOLOGIES AND TECHNIQUES — INNOVATION

[lluminating cell signalling with

optogenetic tools

Doug Tischer and Orion D. Weiner

Abstract | The light-based control of ion channels has been transformative for the
neurosciences, but the optogenetic toolkit does not stop there. An expanding
number of proteins and cellular functions have been shown to be controlled by
light, and the practical considerations in deciding between reversible optogenetic
systems (such as systems that use light-oxygen-voltage domains, phytochrome
proteins, cryptochrome proteins and the fluorescent protein Dronpa) are well
defined. The field is moving beyond proof of concept to answering real biological
questions, such as how cell signalling is regulated in space and time, that were
difficult orimpossible to address with previous tools.

With the proper reagents, light can be used
to observe and perturb the spatiotemporal
dynamics of signals in living cells and organ-
isms. The first attempts to acutely control cell
signalling with light chemically ‘caged’ small
molecule messengers by covalently attaching
photolabile chemical groups at positions that
are necessary for signalling. Upon exposure
to light, these groups would cleave and dis-
sociate, thereby ‘uncaging’ the molecule to
signal in the cell. However, the engineering
challenges in making these tools suitable for
diverse signalling pathways and the difficulty
in delivering them to cells and organisms
limited their use* Then optogenetics came
along — the genetic encoding of light-
sensitive proteins that activate signalling
pathways in response to light. Its first applica-
tion was the use of light-gated ion channels
to manipulate the excitability of neuronal
cells**. With optogenetics, it no longer takes
a chemist to produce the light-sensitive rea-
gents, uncaging is no longer irreversible and
the light-controlled proteins are much easier
to deliver (and thus a greater level of spatial
control is possible), because they can be
expressed rather than injected. Investigators
have taken advantage of the spatial preci-
sion of proteins that either hyperpolarize

or depolarize neurons®* to non-invasively
identify the pacemaker cells in the zebrafish
heart”, and used the temporal precision and

reversibility of these proteins to elucidate the
importance of timing in neuronal activity for
behavioural conditioning®.

A limitation of these neuronal optogenetic
tools is that they can only control membrane
potential, and there are a wide range of other
cellular and developmental biology questions
that require the manipulation of other
processes that affect cell signalling, such as
protein localization, post-translational modi-
fication, GTP loading, and so on. With the
adoption of other genetically encoded light-
responsive proteins, the optogenetic toolkit
has markedly expanded to include a wide
array of regulatory proteins, and conse-
quently cellular functions, which can now be
controlled with light. Here, we first review
the various optogenetic systems and practi-
cal considerations in using them. Then, we
address the types of cell signalling questions
that are being investigated with these appro-
aches. Finally, we discuss future opportunities
for the development of optogenetic tools.

Overview of optogenetic systems
Proteins that change conformation in
response to light have been adapted to
regulate a wide array of signalling activities
in living cells. Here, we discuss the opto-
genetic systems that are reversible and can
be adopted to control a variety of signalling
pathways. Three are based on photosensitive

plant proteins (cryptochromes’!, light-
oxygen-voltage (LOV) domains'*"* and
phytochromes'®'¥), and one is based on

the fluorescent protein Dronpa'’, which

was isolated from the coral Pectiniidae®.
Other recent publications discuss the use

of optogenetic proteins that manipulate
specific signalling events, such as those

that regulate neuronal excitability**', cyclic
nucleotides** and heterotrimeric G protein
signalling®**, or proteins that are irreversibly
activated®?® or inactivated” by light.

The PHYTOCHROME B protein.
PHYTOCHROME B (PHYB) is a protein
that is activated by red light (650 nm) and
inactivated by infrared light (750 nm), and
normally controls seedling stem elongation in
Arabidopsis thaliana. When expressed in cells,
the apo-PHYB protein (which is chromo-
phore free) only becomes light sensitive when
it autocatalytically ligates to PCB, a chromo-
phore that is present in photosynthetic organ-
isms; however, in non-photosynthetic
organisms, PCB must be delivered to cells
directly or through the expression of the bio-
synthetic enzymes that produce it*>*'. Upon
exposure to red light, PHYB that is bound

to PCB changes conformation and binds to

a PHYTOCHROME INTERACTING
FACTOR (PIF) protein'® within seconds.
This association is reversed within seconds
upon exposure to infrared light or is stable
for hours in the dark's.

The CRYPTOCHROME 2 protein.
CRYPTOCHROME 2 (CRY2) is a protein
from A. thaliana that is sensitive to blue
light (405-488 nm). Two changes occur
upon exposure to blue light: the light-
sensitive CRY2 protein homo-oligomerizes''
and binds to its binding partner, CIB1
(CRYPTOCHROME-INTERACTING
BASIC HELIX-LOOP-HELIX 1)*, both
within seconds'. In the dark, CRY2 pre-
viously activated with blue light resets to its
initial state within ~5 minutes. CRY2 uses the
ubiquitously expressed endogenous flavin as
its chromophore.

The LOV domains. The LOV sensory domains
from several different organisms have been
successfully used as optogenetic tools.
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Figure 1 | Different strategies for optogenetic inputs. Optogenetically stimulated signals can be
induced in various ways (the photosensitive proteins that have been used for each approach are listed).
System reversion occurs either in the dark or can be stimulated with light depending on the system
used (BOX 1). a | Heterodimerization is used to recruit a signalling domain to its substrate, which is
commonly located on the plasma membrane. b | Homodimerization and heterodimerization tech-
niques recruit transcriptional activators or other DNA-modifying proteins to the DNA to initiate the
expression of a gene of interest. ¢ | CRYPTOCHROME 2 (CRY2) naturally clusters when it is activated.
By fusing CRY2 with signalling domains, the activities of which depend on domain density, signalling
can be activated with light. d | Alternatively, signalling can be inhibited by sequestering a signalling
protein away from its site of action. Proteins can be sequestered in cytosolic clusters or recruited to
compartments away from their downstream effectors or upstream activators. e | Conformational
changes in the photosensitive protein can expose a concealed signalling domain or relieve a protein
from an allosterically autoinhibited state. LOV, light-oxygen-voltage; PHYB, PHYTOCHROME B.
Curvy arrows indicate the response of the system to light, whereas straight arrows indicate dark- or

light-stimulated reversion. The small arrow on the DNA represents active transcription.

They are all sensitive to blue light

(440-473 nm) and use ubiquitously
expressed endogenous flavin as a chromo-
phore. The LOV systems differ in how each
one uses the light-induced conformational
change to regulate cell signalling. One
approach directly fuses the LOV domain

to an effector protein and relies on the
light-induced conformational change in the
LOV domain to relieve the autoinhibition'.
In some optogenetic LOV systems, the LOV
domains heterodimerize with natural or
engineered binding partners to recruit sig-
nalling domains'®, whereas in other systems
the domains homodimerize and bind to
DNA, thereby regulating gene expression**'.

The Dronpa protein. Dronpa is a well-known
photoactivatable fluorescent protein.
Photoactivation not only changes the fluo-
rescence of Dronpa but also changes its
quaternary structure. In the ‘dark state’ (that
is, not photoactivated) Dronpa exists as a

monomer, and in the fluorescent state it
exists as a dimer. As Dronpa has a low affin-
ity for itself in the dimjeric state, the system
is most robustly used by fusing a copy of
Dronpa to the amino and carboxyl termini
of a protein of interest. When Dronpa

is activated with light at a wavelength of
390 nm, the Dronpa domains at either end
bind to each other, which inhibits the func-
tion of the protein of interest by obscuring
or altering the active conformation. The
extent of protein inhibition can be tracked
by the accompanying increase in Dronpa
fluorescence. This change can be reversed
with light at a wavelength of 490 nm, which
converts Dronpa back to a monomer?”.

The system requires no small-molecule
chromophore.

Optogenetic control of cell signalling
There are five general strategies to manipu-
late intracellular signals with optogenetic
proteins (FIC. 1).

Inducible protein associations. The most
widely used strategy of manipulating intra-
cellular signals using optogenetics takes
advantage of light-induced conformational
changes to promote the association of two
polypeptides. These changes typically cause
heterodimerization of a light-responsive pro-
tein and its effector. Signalling proteins can be
either recruited to or away from their normal
site of action, thereby activating or inhibiting
intracellular signals (FIC. 1a). The advantage of
this technique is that it quickly initiates or ter-
minates signalling and that it is adaptable to
many applications. Protein associations and
dissociations, and changes in protein localiza-
tion are ubiquitous modes of regulating cell
signalling, and many cellular events have
been brought under optogenetic control by
exploiting these features. Examples include:
CRY2-CIB-based regulation of inositol
polyphosphate 5-phosphatase OCRL*, PI3K*
and RAF*; the PHYB-PIF-based regulation
of actin polymerization”, cyclins*, CDC42
(REF. 18), lac signalling®, PI3K*, RAC'$, RAS"
and RHO'"; and the LOV domain hetero-
dimerization-based regulation of CDC42

and MAPK®. A limitation of the hetero-
dimerization-based approach is that the
involvement of additional proteins increases
the complexity of system optimization.

Gene expression. Cell signalling can also be
induced by controlling the expression of a
gene of interest. Heterodimerization strate-
gies using CRY2-CIB'"*"", PHYB-PIF and
LOV* domains, as well as a LOV-domain-
homodimerization approach®-, have suc-
cessfully regulated transcription by localizing
a transcriptional activator to a promoter

(FIC. 1b). Other means of protein expression
that can be modulated by optogenetics
include Cre-loxP-based recombination'®,
chromatin modifications”, splicing* and
translation*'. An advantage is that new path-
ways can be brought under optogenetic con-
trol by simply changing the coding sequence
of the expressed protein in the DNA.
However, regulating the synthesis of signal-
ling proteins may not be fast enough to study
many post-translational signalling pathways.

Clustering-based activation. Some proteins
oligomerize in response to light, and this

can be used to drive the clustering of signal-
ling proteins that are required in high local
concentrations to activate signalling cascades
(FIC. 1¢). This technique has been used for
cryptochrome-based regulation of -catenin
and RHO in the context of transcription and
cytoskeletal rearrangements, respectively''.
A downside of this strategy is that it can be
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Box 1| Comparison of the reversible photosensitive proteins used in optogenetic systems

The four photosensitive proteins that are at the core of current reversible
optogenetic systems are compared (see the table). Note that some
photosensitive proteins actually represent a collection of proteins

Compatible imaging wavelengths. These wavelengths of light are not
markedly stimulatory and can be used to image other fluorophores
without notably activating the optogenetic system.

the particular protein used.

Column heading definitions

illuminated with stimulatory light (\_ ).

when illuminated with inhibitory light (A ).

cell or has to be provided.

Photosensitive Turn-on
protein speed

PHYB

Turn-off speed
(t1/z)

* Seconds
(illuminated at
750nm)

* Hours (dark
reversion)

Seconds

CRY2
LOV

Seconds 5 minutes

Seconds
minutes

* Tens of seconds
(illuminated at
390nm)

* Tens of minutes
(dark reversion)

Dronpa Seconds

difficult to quantify the number of molecules
in the induced clusters, so measuring the
strength of the optogenetic input can be
challenging, particularly in real time.

Sequestration-based inhibition. Alternatively,
similar to the use of organelle-based recruit-
ment, clustering can be used to sequester pro-
teins away from their site of action® (FIG. 1d).
This technique has recently been used to
inhibit several actin cytoskeleton regulators
and as a general technique to regulate signal-
ling proteins fused to GFP*. Sequestration is
potentially a very general approach, because
one only needs to recruit a protein away

from its site of action rather than rely on

the natural propensity of a protein to signal
when clustered.

Intramolecular control of protein function.
Finally, light can be used to induce an intra-
molecular conformational change to gener-
ate an active signalling protein (FIG. 1¢). This
technique has been used in conjunction with
LOV domains to regulate CDC42 and RAC",
and formins* in the context of cell migration,

from different organisms and have been used by different groups to
control different signalling systems. This is particularly true of the light-
oxygen-voltage (LOV) domains. This table summarizes the features for the
entire classes of photosensitive proteins; the features will vary based on

Turn-on speed. The speed with which the system activates when
Turn-off speed. The speed with which the system resets in the dark or

Chromophore requirement. Lists the small molecule, if any, that is needed
to make the protein photosensitive and whether it is naturally found in the

Tens of seconds to

longer exposures.

A, The wavelength (or wavelengths) of light that is most effective
at activating the system. Wavelengths outside these ranges could
still activate the system but may require higher intensities and/or

A, The wavelength, if any, that actively resets the system.

Wavelengths outside this range could still inhibit the system but may

require higher intensities and/or longer exposures.

Effector affinity. The order of magnitude approximation of the

dissociation constant for a system. Heterodimerization affinities
are listed for the systems that are based on PHYB-PIF*® and the

listed™.

LOV-domain-based TULIP (tunable, light-controlled interacting
protein) system®. The homodimerization affinity for Dronpa is

Chromophore Compatible imaging A A  Effectoraffinity Refs
requirement wavelengths (nm) (nm) (nm)
PCB; exogenousor <514 650 750  *<100nM 16-18
synthesized in situ (post 650 nm)
*>100uM
(post 750 nm)
Flavin; endogenous =561 405-488 NA Not determined 9-11
Flavin; endogenous =514 440-473 NA * 1uM (dark) 12-15,
* 100 M (light) 67
None >600 390 490 *10uM 19
(post 490 nm)
*>100uM
(post 390 nm)

in association with degrons to regulate
protein degradation*” and in conjunction
with Dronpa to regulate CDC42 and pro-
teinase K*. The advantage of this approach
is that it only requires the expression of one
protein. It is also one of the few optogenetic
approaches that does not involve transcription
or light-sensitive ion channels and that has
been used in multicellular organisms***. One
of the limitations of this strategy is that intra-
molecular inhibition can be challenging to
engineer. As a consequence, fewer tools have
been developed for this approach than for the
more general dimerization-based techniques.
These are the five common ways in
which reversible optogenetic protein systems
have been used to drive cellular signal-
ling. However, other important differences
between optogenetic approaches need to be
considered to ensure that the best one is used
for a particular experiment.

Choosing an optogenetic system

There are several considerations when choos-
ing an appropriate optogenetic system. These
are summarized in BOX 1 and explained below.

CRY2, CRYPTOCHROME 2; NA, not applicable; PHYB, PHYTOCHROME B; PIF, PHYTOCHROME INTERACTING FACTOR.

Speed of system reversal. The faster an opto-
genetic system can be reversed, the more pre-
cisely intracellular signals can be manipulated
in space and time. Importantly, the rate at
which optogenetic systems can be turned off
varies by several orders of magnitude, ranging
from seconds (for phytochromes inactivated
by light), tens of seconds (for LOV domains
and Dronpa) and minutes (for CRY2) to
hours (for phytochromes inactivated in the
dark). Furthermore, some systems such as
systems based on LOV domains and CRY2
spontaneously revert to the dark state,
whereas others such as those involving PHYB
and Dronpa can be driven to the dark state

by separate illumination wavelengths. Light-
driven reversal tends to reduce basal activity,
expand the dynamic range and offer faster
turn-off times of optogenetic systems.

Faster turn-off rates increase spatial control,
as the activated molecule cannot diffuse far
from the excitatory light before it is turned off.

Quantifying the input. Using optogenetic
tools for more than qualitative experiments
requires not only a means to quantify the

NATURE REVIEWS ‘ MOLECULAR CELL BIOLOGY

© 2014 Macmillan Publishers Limited. All rights reserved

VOLUME 15 | AUGUST 2014 [ 553



PERSPECTIVES

dose of activating light but also a way to
quantify the strength of the optogenetic
input — that is, the amount of optogenetic
proteins that are actively signalling. Owing
to non-linearities in these systems, reducing
the intensity or duration of activating light
by 50% does not necessarily decrease the
amount of the signalling complex formed

to the same degree. Quantification is easiest
with two-component optogenetic systems
that regulate protein recruitment to the
plasma membrane, in which changes in

the localization of the signalling domain

of interest can be analysed by fusing it to a
fluorescent protein. For example, membrane
recruitment of a fluorescently tagged PI3K
subunit was used to quantify the strength

of optogenetic activation of this enzyme®.
Single-component systems typically require
a live-cell reporter immediately downstream
of the input to quantify the strength of opto-
genetic activation. An interesting exception
is the Dronpa system. When used to intra-
molecularly inhibit a protein, Dronpa ‘dims’
when converted to the signalling competent,
monomeric state. Thus, it is important to
note that evaluating intermediate levels of
Dronpa activation requires the measurement
of dim fluorescence on a light background.

Considering dynamic range. Optogenetic
systems markedly vary in their dynamic
range, which is typically a function of two
parameters: the basal activation of the system
and the affinity of the photoproteins for their
binding partners. Higher dynamic ranges

are preferable for manipulating cell signalling
cascades over a wide range of expression
levels of the optogenetic components.
Cryptochrome- and LOV-domain-based
systems have higher basal activation than
systems involving PHYB and Dronpa, both
of which can be forced into the off state
through illumination with inactivating
wavelengths. The affinity of photoproteins
for their binding partners varies by several
orders of magnitude from 100nM (estimated
PHYB-PIF6 affinity in cells)'®, to 600 nM
(measured PHYB-PIF3 affinity in vitro)¥

to 10 uM (for Dronpa oligomerization)™.
Taken together, the largest dynamic range

is expected for the phytochrome system.

Ease of titration. The ease with which an
input can be titrated to and maintained at a
desired level (something that is necessary for
analysing the equilibrium of cell signalling)
depends on how quickly the system turns
off. Producing stable, intermediate levels of
a signal in systems that take minutes (rather
than seconds) to turn off can be challenging

and requires the level of activating light to
be carefully controlled to counteract spon-
taneous inactivation. It is easiest to achieve
a stable, intermediate amount of signalling
complexes with the PHYB- and Dronpa-
based systems, because they can turn off in
seconds and can be actively inhibited with
light, whereas the CRY2- and LOV-domain-
based systems spontaneously revert. Thus,
constant illumination with a fixed ratio of
stimulatory light to inhibitory light can keep
an input at a desired level. Furthermore, the
fact that stimulatory and inhibitory light
buffer each other can overcome the effects
of incidental excitation that can occur while
imaging other chromophores.

Chromophore requirement. Optogenetic
proteins that use an endogenous chromo-
phore, such as CRY2, LOV domains and
Dronpa, are well suited for multicellular
and developmental models, in which the
delivery of an exogenous chromophore may
be impractical. Although some progress has
been made in synthesizing chromophores
in situ for bacterial and mammalian cells

in culture by co-expressing the appropriate
enzymes from plants and algae®**!, this has
not yet been demonstrated for multicellular
organisms. In some contexts, such as when
controlling irreversible pathways (for exam-
ple, differentiation or apoptosis)*', having
the system only respond to light upon the
addition of an exogenous chromophore may
be an advantage to limit the activation of a
‘leaky’ pathway.

Compatibility with fluorescent reporters.
Finally, optogenetic inputs should ideally

be paired with some way of measuring both
the strength of the optogenetically induced
signal and the activity of a live-cell reporter
of the resulting downstream response. Such
reporters frequently involve the use of fluo-
rescent proteins, and it is important to know
which ones can be safely imaged without
activating the optogenetic input. Luckily,
most optogenetic systems include at least
two ‘safe’ spectra of wavelengths that can

be imaged without markedly altering the
activation of the system. For example, when
investigating how son of sevenless (Sos; a
RAS guanine nucleotide-exchange factor
(GEF)) activates Erk, light at a wavelength of
514nm was used to measure PIF-YFP-Sos
recruitment to the plasma membrane (the
input); and light at a wavelength of 405nm
was used to measure how the cell responded
to PIF-YFP-Sos recruitment by tracking
Erk-blue fluorescent protein translocation
into the nucleus®. Cells exposed to light at

wavelengths of 514nm and 405 nm are safe,
because these wavelengths do not markedly
alter the PHYB-PIF interaction®.

Optogenetic hardware. As the discussed
optogenetic systems are fairly sensitive to vis-
ible light, various common light sources on a
microscope can activate them. Epifluorescent
light, FRAP (fluorescence recovery after
photobleaching) lasers with the power turned
to a minimum, light-emitting diodes and
even glass filters in the bright-field path have
activated these optogenetic systems. The
intensity of light from light-emitting diodes
and some laser sources can be continuously
varied, which makes them ideal for precisely
titrating an optogenetic input or maintaining
it at a specific level with feedback control®.

These light sources can be spatially
restricted by closing down the corresponding
field diaphragm. Single cells can be stimu-
lated with a low magnification objective,
whereas subcellular regions can be activated
with a high magnification objective. Finer
spatial control requires a digital micromirror
device, an array of tiled mirrors that can be
individually toggled to project an arbitrary
pattern of light. Using a digital micromirror
device, exact regions of a cell can be targeted
(for example, just the dendrites of a neuron)
or the pattern of illumination can be updated
as the cell changes shape. Some FRAP systems
already use a digital micromirror device and
can be co-opted for optogenetic experiments
once the power is greatly reduced.

Quantifying signal integration
Optogenetic tools strongly synergize with
existing biological approaches. Biochemistry
and genetics are often used to first identify
signalling molecules and to discern how they
activate and inhibit one another. However,
assessing how these individual components
are linked together to generate complex
cellular behaviours can be much more chal-
lenging. In some instances, loss-of-function
perturbations of single nodes in a pathway
simply break a signalling circuit and are insuf-
ficient for understanding how each node
functions in the overall network. Similarly,
not all pathways are sufficiently understood
to enable their full biochemical reconstitu-
tion, and even those that are well understood
may exhibit different behaviours in vitro than
in the cell.

For pathways that are sufficiently under-
stood to enable signalling nodes to be
manipulated by precise optogenetic inputs, it
is now possible to carry out in vivo biochemi-
cal experiments™ to understand the function
of individual subcircuits within complex
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signalling networks. Optogenetics can be
used to both isolate distinct subcircuits and
determine their logic of signal integration®.

Isolating distinct subcircuits. The easiest way
to modify signalling cascades is by the addi-
tion of extracellular ligands, but activating
cellular receptors induces many arms of a
signalling pathway. These arms often interact
with one another in a complex manner that
may be difficult to disentangle when analysed
as a whole. Optogenetic inputs can be used
to manipulate downstream nodes in signal-
ling cascades, thereby breaking down a large,
complex pathway into a series of smaller,
easier-to-understand units (FIC. 2a).

Single-cell dose-response curves. Just as one
can tell whether an enzyme functions in a
cooperative manner in vitro by varying the
amount of enzyme and measuring the result-
ing product, it is also possible to determine
whether a part of a pathway functions in a
graded or switch-like manner in vivo by vary-
ing the amount of upstream input and meas-
uring the downstream response. Importantly,
the speed and reversibility of optogenetic
systems make it possible to generate dose—
response curves for individual cells. It is well
appreciated that population-level analysis
tools such as western blotting obscure single-
cell behaviours and give overall averages that
can lead to incorrect conclusions regarding
individual cell behaviour®. Single-cell analy-
ses are preferable, but these are commonly
implemented through techniques such as
flow cytometry. Using this method, one
datum is acquired per cell, and the overall
population of individual cells is used to build
aresponse curve. This has the disadvantage
that cell-to-cell variability can obscure the
true response of signalling cascades. Indeed,
single-cell dose-response curves generated
using optogenetics — for instance, by meas-
uring the concentration of light-gated SOS
(a RAS activator) versus the concentration of
ERK (a RAS effector) — show marked smaller
variability than generating a response curve
using the entire cell population® (FIC. 2b).
Optogenetics can also be used in conjunction
with pharmacological approaches to analyse
the input—output behaviour of a signalling
node before and after drug treatment, which
overcomes the confounding effects of cell
variability by using each cell as its own control
(for example, fibroblast cells before and after
treatment with PI3K inhibitors)® (FIC. 2¢).
The x axis for these single-cell dose-
response curves is not restricted to the
concentration of the signalling input.
As optogenetic signals can be varied and
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Figure 2 | Optogenetics for in vivo biochemistry. a|Assessing the function of an arm of a signalling
pathway with precise, defined inputs is difficult with traditional tools, as endogenous ligands frequently
activate upstream and parallel regulatory connections in addition to the signalling module under study
(grey arrows). Optogenetic inputs circumvent this problem by initiating precise, defined signals at inter-
mediate points in a pathway. By measuring the downstream response of a cell with a live-cell activity
reporter, the function of the intervening signalling module can be inferred. b | Dose-response curves
generated for a population of cells using western blots obscure single-cell behaviour. Single-cell tech-
niques such as immunolabelling-based fluorescence-activated cell sorting (FACS) use fixed cells and,
as one time point is not sufficient to generate a dose-response curve, the response of thousands of cells
must be combined to do so. Cell-to-cell variation confounds the measurement of cell responses because
of extrinsic differences in the responses, and the aggregation of data from multiple cells distorts the
intrinsic behaviour of the pathway. The titratability, speed and reversibility of optogenetic inputs enable
multiple measurements and thus the generation of complete dose-response curves for individual living
cells*. This approach removes previous noise arising from cell heterogeneity and provides the most
detailed view of the intrinsic precision of signalling pathways in living cells. Here, data are shown for
light-gated activation of RAS (through PHYTOCHROME B (PHYB)-PHYTOCHROME INTERACTING
FACTOR (PIF)-based recruitment of the Ras activator son of sevenless (SOS)) and its induction of ERK
activation, as analysed by nuclear recruitment of a fluorescently tagged ERK*. The precision of opto-
genetic dose-response curves makes them ideal for understanding how a particular enzyme regulates
asignalling pathway. ¢ | Beyond determining whether drug treatment blocks a pathway, optogenetics
can uncover how co-occurring cellular events regulate core pathways by carrying out several experi-
ments on one cell, which enables it to be used as its own control. For example, kinase phosphorylation
of a scaffold may increase protein binding and thus pathway sensitivity. Generating a dose-response
curve using optogenetic techniques before and after kinase inhibition by the addition of adrugis a
powerful approach for detecting these regulatory effects in a manner that is not confounded by
cell-to-cell variation in response. d | Signalling pathways can respond to more than the steady-state
amount of a signal, such as its rate of change or integrated amount (sum of input over time). As the
optogenetic inputs can be varied in space, time and concentration, many types of input-output analy-
ses can be conducted. All of these signalling attributes have been found to be important in different
biological contexts*®***7%8 Part b reprinted from Cell, 155/1430, Toettcher, J. E., Weiner, O.D. &
Lim, W. A, Using optogenetics to interrogate the dynamic control of signal transmission by the Ras/Erk
module, 1422-1434, Copyright (2013), with permission from Elsevier.

measured in space and time, as well as in
concentration, we can also analyse the cell
response to the rate of change of the input™,
the fold change of the input®>*, the spatial

distribution of the input, and so on (FIC. 2d).
All of these signalling attributes have been
found to be important in different biological
contexts.
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Figure 3 | Optogenetic control of signals in space. Both light-sensitive cells in the eye®® (part a) and
groups of chemotactic cells in the Drosophila melanogaster egg chamber* (part b) use lateral inhibition
to generate strong cellular responses from shallow external gradients. Acting alone, each cell can sense
the external gradient but by comparing with their neighbours a higher contrast interpretation is pos-
sible. First, the cells generate an upstream signal that is proportional to the perceived input (rule 1).
Next, cells inhibit the activity of their neighbours: the stronger the perceived signal, the stronger the
lateralinhibition (rule 2). The end result is that weak signals are inhibited more than strong ones, which
produces an amplified representation of subtle external gradients and enhances visual contrast in the
eye (part a). A similar lateral inhibition mechanism is thought to enable coordinated collective cell
migration in the fly egg chamber (part b) for the interpretation of external chemoattractant gradients
(triangles). Here, the light-controlled activation of Rac inhibits protrusion in adjacent cells, and
the inhibition of Rac in the leader cell activates protrusions in adjacent cells. These dissections of lateral
inhibition were only possible, because cells were individually activated with spatially restricted inputs.

Optogenetic control of signals in space
The spatial control of cell signalling has a
fundamental role in cell and organismal
biology. To understand these processes, we
need tools to actively manipulate signals in
space, both at the level of individual cells
in organisms and on a subcellular level.

Spatial regulation of multicellular signalling.
Communication between cells can enable a
group of cells to more sensitively interpret
signals than cells acting alone. A classic
example is visual gradient interpretation in
the horseshoe crab. By spatially restricting
light to only two light-sensitive cells at a
time, two rules for contrast enhancement
were derived™: a stronger external stimulus
causes a stronger upstream signal; and the
stronger the upstream signal, the stronger
the inhibitory effect of the cell on its
neighbours (FIC. 3a).

During visual contrast enhancement,
although all cells inhibit the activity of each
other to some extent, cells in the brightest
areas reduce the activity of their neighbour
the most, which emphasizes slight differ-
ences in an external gradient. This so-called

lateral inhibition functions in the eyes, from
horseshoe crabs to humans, and increases the
contrast in our vision before action potentials
enter the optic nerve.

More recently, optogenetic approaches
have shown how cellular comparison can
sharpen signal interpretation in other multi-
cellular contexts. In Drosophila melanogaster,
small groups of border cells collectively
migrate about 175 pum up a chemical gradient
to a maturing oocyte in the egg chamber*.
This collection of cells uses lateral inhibition
to ensure that only the one or two cells at the
highest point in the gradient actively pro-
trude. Using photoactivatable Rac to over-
ride normal chemotactic cues and initiate
movement in cells at the side of the collective
caused the normally leading cells to stop pro-
truding. Thus, the activity of one cell inhibits
the activity of its neighbour. Although all of
the border cells are capable of protrusion,
lateral inhibition ensures that only one or two
leading cells are active at a time and that a
collective decision is possible (FIC. 3b).

The rules derived from these two
examples show how regulation at a distance
increases the ability of a system to properly

respond to external cues. They were only
discovered because spatially restricted inputs
enabled the investigation of how the activity
of one cell affects the activity of neighbour-
ing cells. It is probably no coincidence that
biology converged on lateral inhibition to
increase gradient sensing of both light and
chemoattractants.

Spatial regulation of subcellular signalling.
On a multicellular level, non-optogenetic
tools have been used to study the spatial
control of signalling — for instance, the trans-
plantation of cells or the generation of single-
cell clones. However, optogenetic tools enable
much more precise and dynamic control of
cell signalling than non-optogenetic tools.
There have been fewer tools to manipulate
spatial signals on a subcellular level, and
optogenetic systems are enabling some of the
first demonstrations of the spatial sufficiency
of signals to coordinate cellular processes,
including the molecules that direct cell polari-
zation and movement'#!>18353%4 For example,
LOV-domain-based control of RAC activity
showed that asymmetries in the activation

of this GTPase are sufficient to specify the
migratory direction of individual neutrophils
in zebrafish® and the collective migration of
border cells in D. melanogaster*.

Optogenetic control of signals in time
Although some signalling cascades only
respond to the current level of stimulus,
other cascades respond to the timing of the
input®. For example, adaptive cascades,

like most sensory inputs, reset themselves

to the current level of stimulus and primar-
ily sense changes in, as opposed to absolute
levels of, signalling inputs®. Other cascades
seem to monitor the dynamics of the input.
For example, sustained or transient pathway
activity can drive different cellular decisions.
Differences in the duration of MAPK sig-
nalling can regulate whether cells decide to
proliferate or differentiate®, whereas differ-
ences in the signal duration of the tumour
suppressor protein p53 can regulate whether
cells arrest their cell cycle or apoptose®'.

In this section, we address the challenges in
analysing these processes together with

the opportunities that optogenetic systems
present for probing the role of timing in

cell decisions.

The dynamics of intracellular signalling
has been implicated in the regulation of cell-
ular decisions. For example, different ligands
trigger different dynamics of ERK activa-
tion epidermal growth factor (EGF) drives
transient ERK activation, whereas nerve
growth factor (NGF) drives sustained ERK
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activation), and these different dynamics cor-
relate with different downstream responses
(EGF drives the proliferation of PC12 cells,
whereas NGF drives the differentiation of
PCI2 cells). To investigate whether differ-
ences in the timing of MAPK activation are
causative for downstream behaviours, one
group used pharmacological activators and
inhibitors of protein kinase C to produce
sustained activation of MAPK in response
to EGF and transient activation of MAPK in
response to NGF*. Exchanging the MAPK
dynamics downstream of these ligands also
exchanged their downstream responses,
which is consistent with the idea that the
timing of MAPK activation determines the
resulting cellular outcome (FIG. 4a). As many
signalling cascades are not sufficiently under-
stood to use pharmacological or genetic
means to influence intracellular signalling
dynamics, and because these pharmaco-
logical perturbations also affect the topology
of the signalling network, it would be pref-
erable to directly manipulate intracellular
signalling dynamics in a user-defined man-
ner. This is now possible with optogenetic
inputs, and multiple groups have used this
approach to demonstrate that the MAPK
signal duration is sufficient to regulate the
differentiation decision in PC12 cells**** and
to identify the signalling pathways that are
differentially activated by sustained versus
transient MAPK activation® (FIC. 4b).

Conclusions and perspectives
Optogenetic systems have moved beyond the
control of light-gated ion channels to include
a wide range of other light-responsive pro-
teins and cellular pathways that can now be
manipulated by light. All of these systems
started with proof-of-principle demonstra-
tions, activating signalling pathways that
others had previously activated by protein
overexpression, microinjection, and so on.
However, investigators have recently taken
advantage of the capacity of optogenetics to
dynamically manipulate and measure signals
in space and time to address questions that
have been difficult or impossible to address
with other tools.

We end with a wish list for the field. The
optogenetics field is based on light-responsive
proteins from plants and other systems.

We are fortunate that these systems work as
well as they do, but we should consider them
like the first generation of GFPs — systems
with a huge potential to evolve and to be
optimized. Some engineering work has been
done for the LOV domains, but far more
work could be done to optimize the affinities,
the photoactivation and photoreversion rates,
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Figure 4| Optogenetic control of signals in time. a|Signalling dynamics can affect cellular decisions.
Normally, treatment of PC12 cells with epidermal growth factor (EGF) causes transient ERK activity and
cellular proliferation, whereas treatment with nerve growth factor (NGF) causes sustained ERK activity
and differentiation into neuron-like cells. Adding drugs that decrease or increase ERK signalling can
convert the effect of NGF on ERK activity into an EGF-like effect, and vice versa. This perturbation
causes an exchange in the outcome (EGF now drives differentiation and NGF drives proliferation)®.
Subsequent studies in which ERK-signalling dynamics were directly controlled with optogenetic inputs
confirmed that differences in MAPK dynamics suffice to specify cellular differentiation in PC12 cells*¢%
b| Using optogenetics, researchers showed that upstream signalling dynamics affect downstream path-
ways. In particular, signal transducer and activator of transcription 3 (STAT3) phosphorylation func-
tioned as a persistent detector of ERK activation. In 3T3 fibroblast cells expressing an optically
controllable son of sevenless homologue (SOS) construct (opto-SOS; an activator of the RAS GTPase),
2 hours of light stimulation caused a robust STAT3 phosphorylation. However, the same stimulus broken
into two, 1-hour pulses did not cause STAT3 phosphorylation despite the activation of other ERK-
responsive pathways®. Thus, optogenetic approaches have directly shown that cells respond to specific
upstream signalling dynamics and have identified some of the pathways that respond to a particular
signalling pattern. Part b reprinted from Cell, 155/1430, Toettcher, J. E., Weiner, O. D. & Lim, W. A,,
Using optogenetics to interrogate the dynamic control of signal transmission by the Ras/Erk module,
1422-1434, Copyright (2013), with permission from Elsevier.

the wavelengths for photoswitching and the
light sensitivity of other systems. This opti-
mization will be aided by advances in the
structure and mechanism of these photosen-
sors®>®. Furthermore, we would like these
systems to be completely orthogonal to cell
signalling cascades, but we do not yet know
whether post-translational modifications
affect their function in optogenetic appli-
cations. To understand these constraints,

it will be useful to follow advances in the
physiology and regulation of these proteins in
their normal context®-%, On a similar note,

many of these proteins were chosen for their
light-responsive interactions in plants, and

a greater understanding of their regulators
could expand our strategies for photoregula-
tion. For instance, cryptochromes not only
form heterodimers with downstream effec-
tors in response to light (such as CIB1)® but
also oligomerize in response to light*2. Both
of these properties have been used to regulate
cell signalling'®", and a greater knowledge of
phototransduction mechanisms is likely to
reveal more surprises and opportunities for
optogenetics.
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