
Optogenetic Reconstitution for Determining the Form and 
Function of Membraneless Organelles

Elliot Dine and Jared E. Toettcher*,iD

Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544, United 
States

Abstract

It has recently become clear that large-scale macromolecular self-assembly is a rule, rather than an 

exception, of intracellular organization. A growing number of proteins and RNAs have been 

shown to self-assemble into micrometer-scale clusters that exhibit either liquid-like or gel-like 

properties. Given their proposed roles in intracellular regulation, embryo development, and human 

disease, it is becoming increasingly important to understand how these membraneless organelles 

form and to map their functional consequences for the cell. Recently developed optogenetic 

systems make it possible to acutely control cluster assembly and disassembly in live cells, driving 

the separation of proteins of interest into liquid droplets, hydrogels, or solid aggregates. Here we 

propose that these approaches, as well as their evolution into the next generation of optogenetic 

biophysical tools, will allow biologists to determine how the self-assembly of membraneless 

organelles modulates diverse biochemical processes.

Graphical abstract

Cell biologists have long observed the presence of subcellular structures that are not 

encapsulated by a lipid bilayer. Indeed, observations made as early as 19461 led to the 

suggestion that the nucleolus may be “a separated phase out of a saturated solution”, 

conjecture that was confirmed by elegant experiments 65 years later.2 Since that time, 
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membraneless organelles like the nucleolus—micrometerscale collections of proteins, 

RNAs, or their combination—have been shown to be ubiquitous in cell biology. They 

participate in a huge variety of cellular processes, including carbon fixation,3 transcriptional 

regulation,4 spatial patterning during embryo development,5 and immune-cell activation.6 

The recent advent of live-cell imaging and fluorescence microscopy has uncovered an even 

more surprising feature: many membraneless organelles are highly dynamic structures. They 

not only assemble and disassemble with changes in cell state or the external environment but 

also can rapidly exchange their constituent components with the surrounding solution.7 The 

biophysical mechanisms and functional consequences of these myriad dynamic changes 

remain poorly understood.

In recent years, biophysicists have performed pioneering in vitro experiments to elucidate 

the biomolecular properties that give rise to the formation of membraneless organelles and 

specify their phase (e.g., whether they form as liquid droplets, hydrogels, or solid 

aggregates).8 These experiments led to the hypothesis that weak, multivalent interactions 

lead to the formation of macromolecular liquid droplets, structures that are defined by the 

fast movement of subunits within a droplet and exchange with the surrounding diffuse phase. 

These droplets may mature into solid aggregates based on the concentration of their 

constituents,8,9 salt content,10 post-translational modifications,11 or specific mutations12 in 

the protein sequence. Two classes of proteins have been noted to display the characteristic 

multivalent yet weak interactions necessary for phase separation. The first class comprises 

low-complexity sequences (LCSs) that fail to fold into defined secondary structures 

[“intrinsically disordered regions” (IDRs)].13 Alternatively, phase separation may be 

encoded by repeated arrays of modular protein–protein interaction domains,14 such as the 

interactions between SH2 domains and their cognate phosphotyrosine residues (pTYRs)6 or 

SH3 domains and proline-rich motifs (PRMs).15

Yet while these successful experiments recreating phase separations in a test tube have 

offered us a deeper understanding of the underlying biophysics driving the self-assembly of 

membraneless organelles, there is still much to learn. Which enzymes and substrates must be 

localized to a membraneless organelle to result in a functional cellular outcome? How does 

this localization change affect biochemical pathway function? Do the biophysical details 

matter – that is, would a liquid-like and gel-like assembly lead to similar cellular responses? 

Moreover, the formation of membraneless organelles is often exquisitely regulated, 

occurring at exactly the right place (cells in a tissue or subcellular locations) or at the right 

time (external condition) to participate in a cellular response. How do cells regulate phase 

separation with such high spatiotemporal precision?

A satisfying answer to each of these questions requires the development of protein-based 

tools with a number of properties that, at first blush, appear to be notoriously difficult to 

engineer. To test whether colocalization of particular constituents is sufficient to drive a 

cellular response or biochemical change, we must be able to tag any proteins of interest with 

a localization sequence that confers membership to a phase-separated structure. To study 

how spatial and temporal regulation affects organelle function, one should induce phase 

separation at a desired time or spatial location within the cell. Dissecting how biochemical 

parameters (e.g., protein concentration, binding affinity, and multivalency) govern 
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biophysical properties in vivo requires the ability to independently vary each of these 

properties while holding others constant. Finally, to be relevant to their true biological 

context, each of these perturbations should be achieved in a live cell.

Optogenetic approaches are ideally suited for such “control freak” experiments, those with 

seemingly impossible requirements for biochemical specificity and spatiotemporal control. 

Light can be acutely delivered and focused with micrometer-scale spatial precision, enabling 

the selective activation of proteins at a particular time or location within a cell or tissue. 

Light stimulation is also highly specific for an engineered pathway, as cells typically express 

few naturally light sensitive proteins that regulate a process of interest (although there are of 

course exceptions to this rule). Finally, the intensity or schedule of light delivery can be 

easily tuned, which in many cases can be used to precisely and independently control 

specific biochemical properties, such as the concentration of an active protein or even the 

duration of formation of a complex between a photosensitive protein and its binding partner.
16

OPTOGENETIC APPROACHES TO STUDYING THE FORM OF 

MEMBRANELESS ORGANELLES

How then might one combine optogenetics and phase separation into a unified experimental 

framework? As a first step toward this goal, we and the Brangwynne laboratory turned to the 

Arabidopsis thaliana Cry2 protein, which was already known to form dynamic, homotypic 

clusters when stimulated with blue light.17 However, the light-dependent clustering of the 

photolyase homology region (PHR) of Cry2 is highly context-dependent, occurring most 

readily in scenarios that tend to enhance protein–protein association (e.g., on the plasma 

membrane or when fused to proteins that already tend to cluster).18,19 We reasoned that 

fusing Cry2 to intrinsically disordered regions of proteins that are known to phase-separate 

at high concentrations could potentiate light-dependent clustering, leading to the formation 

of IDR–Cry2 “optoDroplets”.20 Indeed we found that, upon light stimulation, optoDroplets 

formed clusters within seconds and dissociated within 5–10 min in the dark. These clusters 

displayed hallmark properties of liquid-like protein droplets: they formed clusters that 

quickly relaxed to a spherical shape after fusing with one another, and FRAP assays revealed 

that individual molecules rapidly exchanged between droplets and the surrounding cytosol. 

Swapping Cry2 for a mutant variant with an increased homotypic affinity (so-called 

Cry2olig)21 led to the rapid, light-induced formation of solid aggregates.

OptoDroplets enabled us to tune one biophysical parameter with high quantitative precision 

in live cells. By altering the intensity of blue light or the frequency of light pulses, we could 

acutely alter the concentration of photoactivated IDR–Cry2 proteins. We found that the 

concentration of “active” (that is, photostimulated) IDR–Cry2 proteins was sufficient to 

quantitatively describe their phase separation: dim blue light, delivered to a strongly 

expressing cell, drove phase separation like bright light stimulation of a weakly expressing 

cell. (Photoconversion of IDR–Cry2 proteins is also functionally analogous to post-

translational modification, a process that is believed to be a general mechanism by which 

cells spatiotemporally regulate condensation.) Thus, a single parameter, the extent to which 
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the concentration of light-stimulated cytosolic monomers surpassed a “saturation 

concentration”, was sufficient to describe this simplified system.

Nevertheless, other biophysical properties remained out of reach. While light can be used to 

tune the optoDroplet concentration, it cannot help determine the role played by the other two 

key biophysical parameters, multivalency and interaction strength (Figure 1). This challenge 

arises because we still lack a good structural understanding of how homooligomerization 

proceeds for both the Cry2 protein and IDR constituents, leaving the number of binding 

sites, their affinities, and the overall multivalency of the resulting fusion proteins poorly 

defined. In contrast, these properties are easier to manipulate in the other archetypal class of 

phase-separating proteins, repeated arrays of modular interaction domains. Given the diverse 

heterodimer-forming tools from optogenetics16,22 and chemical biology,23 one might 

imagine engineering an array of light-switchable dimerizers to build a controllable 

aggregation system in which multivalency and interaction strength could be quantitatively 

controlled.

Indeed, a recent report from the Inoue lab establishes just such a system.24 These researchers 

began by using the FKBP–FRB chemical dimerization system to build what they term 

iPOLYMERs, repeated sequences of FRB or FKBP domains whose interaction could be 

induced by the addition of a rapamycin analogue. They found both in vitro and in vivo that 

phase separation occurs only when the combined number of FKBP and FRB domains is 

greater than five (Figure 1b). Nevertheless, the rapamycin-induced interaction between 

FKBP and FRB domains is of nanomolar affinity and poorly reversible. The authors thus 

proceeded to replace their initial chemical dimerization approach with the light-induced 

iLID/SspB heterodimerization module,22 constructing the iPOLYMER-LI system. This tool 

opens the door to reversible spatiotemporal control (the iLID–SspB interaction is reversed 

upon incubation in the dark for ~2 min). Moreover, the use of other light-induced 

dimerizers25 or point mutations to the iLID–SspB binding interface could also be used to 

fine-tune interaction strength (Figure 1b). Together, these systems can help complete the 

biophysical picture of how intracellular protein phase separation is controlled in vivo.

OPTOGENETIC APPROACHES TO DETERMINING THE FUNCTIONS OF 

MEMBRANELESS ORGANELLES

The benefits that are provided by these “in vivo biochemical reconstitution” systems do not 

end with determining how membraneless organelles form, but also in delineating their 

function (Figure 2a). In principle, colocalization to a phase-separated compartment could 

drastically increase reaction rates by concentrating proteins in a pathway (e.g., a kinase and 

its substrate), preventing interaction with undesired cellular partners (e.g., an inhibitory 

phosphatase), or lowering the barrier to forming a multiprotein complex. On the other hand, 

such compartments could trap a protein away from its interacting partners. Reactions of the 

first type may require a liquid-like state, enabling productive binding of proteins within the 

compartment and exchange with the surrounding cytosol, whereas for the second type, a 

rigid hydrogel may be sufficient. Optogenetic phase separation allows one to acutely control 

when, where, and with what constituents membraneless organelles form and can even be 
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used to induce the formation of different phases (e.g., liquid-like optoDroplets vs 

iPOLYMER hydrogels or Cry2olig aggregates). These tools could be invaluable for 

dissecting how each candidate mechanism contributes to the regulation of those cellular 

processes in which membraneless organelles have been observed.

Some work to link phase separation to biochemical function has already occurred. Actin 

nucleation by the Nck–WASP–Arp2/3 complex was one of the first biochemical signaling 

systems shown to be driven by liquid–liquid phase separation.15 This simple biochemical 

system has since proved to be ideal for optogenetic reconstitution. By fusing Cry2Olig to 

either the SH3 domain of Nck or the VCA domain in WASP, Chandra Tucker’s group was 

able to induce actin recruitment in cell lines upon blue light stimulation.21 However, they 

found that clustering did not drive cytoskeletal protrusion, only retraction, suggesting that 

Nck–Cry2Olig clusters may not be functionally organized in the same manner as after 

extracellular stimulation. Interestingly, both Cry2Olig and IDR–Cry2Olig fusion proteins 

form solid, static assemblies, rather than dynamic liquid droplets, upon light stimulation.
20,21 Future studies in which Nck and WASP are optically driven into a liquid-like state may 

help to determine if such a state is sufficient to reconstitute functional cytoskeletal 

organization.

So far, we have focused on how optogenetic reconstitution can teach us about membraneless 

organelles in the many cases in which they naturally arise. We would be remiss if we did not 

mention the promise that these optogenetic platforms hold for constructing wholly synthetic 

organelles. The reduced search space for biomolecular interaction afforded by the dynamic, 

multivalent protein–protein interactions and high local concentration in a liquid droplet 

could dramatically accelerate the flux through an engineered signaling or metabolic 

pathway. This logic is analogous to the synthetic protein or DNA scaffolds that have already 

been successfully applied in a wide range of synthetic biology applications, from rewiring 

the logic of cell fate decisions26 to the production of desired metabolites.27,28 Light-

controlled membraneless organelles potentially offer two further advantages: they can be 

implemented as modular protein tags (avoiding the challenge of designing scaffold proteins 

that precisely orient multiple substrates), and they can be acutely switched on and off. 

Meeting another need for the synthetic biology community, the biochemical rate 

enhancement in membraneless organelles offers the potential ability to acutely alter the 

strength of the edges in a biochemical network (e.g., the sensitivity with which a 

downstream effector is trigger by an upstream activator), not just the ability to turn on or off 

particular nodes by directly toggling the activity of an intracellular protein29 (Figure 2b).

Throughout this Perspective, we have proposed using optogenetic tools to further our 

understanding of the biophysics underlying phase transitions and the biochemical 

parameters they regulate, yet there are a number of examples of membraneless organelles 

that do not seem to regulate any biochemical reactions at all but rather seem to contribute to 

the asymmetric localization of cellular components. For instance, in the developing 

Caenorhabditis elegans embryo, P granules act as liquid droplets that dissolve and condense 

along the anterior–posterior axis, providing a sharp boundary of protein localization without 

directed transport.5 The dramatic spatial asymmetries formed by protein and mRNA 

granules during embryogenesis5,30,31 suggest that phase separation may play a special role 
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in establishing or maintaining spatial patterns. We hope that the advent of light-gated tools 

to control protein phase will broaden our understanding of how biophysical processes act on 

length scales much larger than their constituent proteins and longer than individual 

molecular interactions. In this manner, we might discover why cells use membraneless 

organelles to control not just a handful of biochemical reactions, but such a wide array of 

processes that are fundamental to a cell’s life, death, and development.
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Figure 1. 
Precise input control to dissect the form of membraneless organelles. (a) Two main strategies 

have been adopted for regulating phase separation with light. A photoswitchable 

oligomerization domain can be fused to an intrinsically disordered protein sequence to drive 

homotypic, light-induced aggregation (top), and repeated protein domains that undergo 

light-induced heterodimerization (bottom). (b) Precise optogenetic control enables the 

experimentalist to acutely and spatially control three distinct biochemical properties: the 

concentration of photoactive monomers (top), the number of domains that are 

simultaneously exposed for binding (middle), and the affinity between individual 

heterodimerization pairs (bottom).
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Figure 2. 
Applying optogenetic tools to dissect the function of membraneless organelles. (a) 

Relocating proteins to phase-separated organelles can potentially alter three biochemical 

properties. It can concentrate interacting components within the droplet to enhance the 

extent and rate of interaction (top). It can exclude components that participate in undesired 

reactions, such as a phosphatase from a kinase–substrate reaction (middle). Finally, 

undesired interactors can be sequestered within the separated phase and prevented from 

interacting within the pathway (bottom). (b) Membraneless organelles as a synthetic biology 

platform. Unlike prior optogenetic approaches, phase separation offers the possibility of a 

tunable, reversible strategy for modulating the edges (e.g., reaction rates), not just the nodes 

(e.g., protein activity states), in a biochemical pathway.
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