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Abstract

Light-responsive proteins have been used in the field of optogenetics to control cellular functions.
However, surprisingly, analogous approaches to regulate and alter the functions of RNA
molecules by light remain underdeveloped. RNA aptamers and RNA devices can perform diverse
intracellular functions and are important tools in synthetic biology. This report explores the
challenges of and potential strategies for engineering light regulation into functional RNAs in
cells. We discuss approaches for using existing light-regulated proteins and small molecules to
control RNA function in living cells. Additionally, applications of light-regulated RNAs for
synthetic biology and for studying functions of endogenously expressed RNAs are discussed.
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Introduction: applications of optogenetically controlled RNA for exploring
RNA biology and controlling cellular processes

Light is an important tool that can be used to manipulate the function of proteins and thereby
control cellular function and intracellular signaling pathways. The use of light to control
heterologously expressed proteins that are designed to be light-responsive is generally
termed optogenetics and implies the control of a protein with both spatial and temporal
precision. For example, in the case of the channelrhodopsins and related light-activated
proteins, application of light results in selective opening or closing of these channels,
thereby altering neuronal excitability and function.1-3 This technology has provided
considerable insight into the functions of specific classes of neurons that are engineered to
specifically express these channels.

On the other hand, approaches to regulate and alter the functions of RNA molecules by light
remain underdeveloped. The lack of optogenetic techniques for controlling RNA is
surprising considering the highly useful nature of synthetic RNA molecules for influencing
cellular function. For example, RNA aptamers can be synthesized that inhibit diverse classes
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of intracellular proteins.* ° Indeed, many RNA aptamers have been described that inhibit
proteins that are otherwise not able to inhibited by small molecules. Thus, RNA aptamers
provide the only tool for inhibiting the function of these proteins. Additionally, although
developing a small-molecule inhibitor that targets a specific protein can be a difficult
process, creating a highly selective protein-inhibiting RNA aptamer is relatively
straightforward and rapid. RNAs can have other useful functions as well. For example,
certain RNAs show enzymatic activity and are termed ribozymes.% Most notably, these
ribozymes perform diverse reactions, such as oligonucleotide hydrolysis, as well as diverse
chemical reactions, such as Diels—Alder cycloaddition, Michael addition, phosphoryl
transfer, transesterification, and peptide bond formation.” Importantly, RNA sequences that
exhibit these functionalities can be created using selection approaches, such as systematic
evolution of ligands by exponential enrichment (SELEX), from random pools of RNAs.8:2
Thus, highly useful RNAs can be readily generated, and the ability to control these RNAs by
light would extend their utility by enabling their activity to be regulated with considerable
precision within cells or tissues.

Meanwhile, in addition to synthetic RNAs that influence cellular function, there are
numerous endogenous RNAs with unknown functions. Indeed, the genome is thought to
encode at least 40,000 different noncoding RNAs. Some of these RNASs appear to bind to
genomic promoters and regulate epigenetic state or transcription rates.19-11 However, in
many cases, these noncoding RNAs bind to cytosolic or other proteins and do not appear to
directly influence transcription.1213 Indeed, the vast majority of noncoding RNAs are
mysterious, and studies are needed to uncover their biological functions.

One potential mechanism for understanding their function is to regulate their activity by
light. Although their precise activity may not be known, light may be useful for rapidly
controlling the expression levels or subcellular localization of these RNA species, thereby
enabling researchers to link changes in cellular functions with changes in the intracellular
availability of these noncoding RNASs. These approaches may facilitate the discovery of the
physiological function of diverse noncoding RNAs.

Thus, there are diverse applications in which control of RNA functionality by light can be
valuable for researchers. General approaches that can be applied to diverse types of RNAs
are likely to have broad applicability and could further enhance the use and understanding of
RNA in cells.

Genetic encodability and reversible photoswitching are desirable properties

A particularly important aspect of these tools is that they should be genetically encoded.
Some light-responsive tools have been described that contain chemical modifications that
confer light responsiveness. For example, some proteins are chemically modified to contain
photolabile caging groups that inactivate amino acid side chains, but which are then
removed by light to restore protein function.1# These modifications require chemical
synthesis, which is not easily performed by the average laboratory. Additionally, the process
of microinjecting proteins into cells is a specialized technique that is also technically
challenging. However, genetic encodability bypasses the complexity of chemical synthesis
and the toxicities associated with cellular injection. Genetically encoded tools can be
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expressed directly within cells after a suitable DNA element is introduced in the cell and
also enables these light-regulated proteins to be expressed in specific cell types or tissues in
animals. Thus, genetic encoding is a highly valuable property that maximizes the utility of
these novel technologies.

Another desirable property of light-regulated tools is that they can undergo light-dependent
reversible switching. In other words, one wavelength of light can be used to alter the
function of the optogenetic tool, while another wavelength can restore that function. For
example, specific light-regulated channels can be opened with one wavelength and closed
with another.1®> Additionally, reversibility provides a mechanism by which the effects of the
light-dependent change in cellular function can be definitively attributed to the light-
activated RNA or protein and not to an unanticipated effect of light exposure. Lastly,
reversibility allows a single cell or tissue to be repeatedly activated and then inactivated to
obtain multiple measurements. The strategies that enable reversibility confer additional
versatility to light-regulated technologies.

Extrapolating from light-responsive proteins to light-responsive RNAs

A major goal is to have RNAs that switch between two conformations in response to light.
For example, an RNA can be unfolded and inactive in one state, and then upon irradiation
with light, the RNA can switch to a folded, active form. Thus, a ribozyme can switch from
off to on, and an aptamer that inhibits a protein can switch from an inactive form to an
inhibitory form in response to light. In order to achieve this, the RNA needs to undergo a
conformational change (i.e., structure switching) in response to light.

Strategies for engineering light-mediated regulation of RNA function in cells are likely to
draw upon existing light-regulated molecules. In the case of light-regulated proteins, many
contain chromophores that interact with light and undergo cis-trans isomerizations. For
instance, light-sensitive rhodopsins contain covalently bound retinal, which undergoes an
isomerization in response to light, altering the structure and signaling activity of these
proteins.1® The phytochromes mediate signal activity by light-regulated cis-trans
isomerization of phytochromobilin.1”-18 Similarly, the xanthopsin photoreceptors contain the
trans-p-coumaric acid chromophore to regulate biological signal transfer.1920 Conceivably,
RNAs can be designed to bind similar fluorophores and undergo conformational changes
that are induced by cis-trans isomerizations of bound chromophores.

However, it should be noted that biological chromophores are not the exclusive set of
compounds that could be used by RNAs. Indeed, numerous small molecules can undergo
structure switching within cells. For example, stilbenes, diazobenzenes, spiropyrans,
diarylethene, fulgide, and others have been shown to undergo photo-induced isomerizations
or ring closure/openings.2! Importantly, in many of these cases, reversal of these
interactions can be achieved by a different wavelength, which can enable selective control of
the isomerization state of the small molecule. Conceivably, RNAs that bind these molecules
and are sensitive to their isomerization state could allow the RNAs to be regulated by light.

Another way that light can induce structure switching is by light-dependent formation of
thymidine cross-links, as well as light-induced cross-linking with adjacent biomolecules.??
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Conceivably, RNA sequences can be generated that are highly susceptible to forming these
covalent adducts. However, some drawbacks of these approaches are that these reactions are
unlikely to be reversible and that reactions that exploit photochemistry of nucleotide bases
require wavelengths in the ultraviolet range, which can be damaging to cells. Conceivably,
this can be overcome by using photo-sensitizing molecules that bind RNA and enhance the
rate of base reactivity, thereby shifting the wavelength needed to enable chemical reactivity
of nucleotide bases. Additionally, two-photon excitation strategies are now generally
available with nonlinear sample excitation that use lower intensity radiation and potentially
bypass toxicities associated with ultraviolet light.23

It is important to keep in mind that light could potentially control RNAs in ways besides
structure switching. These mechanisms are less intuitive but could potentially be useful in
synthetic biology applications. For instance, light affects the dimerization status of the green
fluorescent protein (GFP)-like Dronpa. A Dronpa mutant can be used to reversibly
multimerize different proteins.2 Additionally, light can be used to induce GFP to act as
electron donors within photochemical reactions.2> The recent description of RNAs that
mimic of GFP and comprise RNA aptamers bound to GFP-like fluorophores?® raises the
possibility that similar GFP-like functionalities can be built into these RNAs.

Realizing light-regulated RNA using photoswitchable proteins

One strategy to photo-regulate cellular RNA is to take advantage of photoswitchable natural
proteins. This is particularly important since small molecules have problems that can limit
their usefulness. For example, small molecules readily diffuse throughout cells and can
diffuse out of cells and into other cells. Thus, photoactivation in one part of the cell (e.g., in
the nucleus) will result in the photoactivated molecule localized throughout the cell within
seconds. Additionally, since the molecule can potentially diffuse out of the cell and into
neighboring cells, spatial precision at the level of the specific photoactivated cell can be lost.
This contrasts greatly with photoactivated proteins. The spatial localization and diffusion of
proteins inside cells can be highly controlled. Thus, RNAs that take advantage of
photoactivated proteins as their mechanism of light regulation will be more readily
controlled in a spatially and temporally specific manner. As mentioned above, RNA
aptamers can be synthesized that bind to diverse classes of intracellular proteins; therefore, it
should be straightforward to create RNA aptamers that selectively bind to the light-activated
or inactivated version of the photoswitchable proteins.

Recent studies show that RNAs can be switched from one conformation to another by
protein binding. We showed this using protein-binding aptamers that regulate Spinach, an
RNA mimic of GFP2 that binds DFHBI, a GFP-like fluorophore, and switches it from a
nonfluorescent state to a green fluorescent form.26:28 We synthesized an RNA that contains
the Spinach sequence as well as the sequence of the RNA aptamer that binds to the MS2
coat protein (MCP).27 The MCP aptamer is largely unfolded in the absence of MCP. The
MCP aptamer was fused to Spinach in such a way that the Spinach structure was unfolded
due to the unfolded nature of the MCP aptamer. However, upon binding MCP, the MCP
aptamer folded and allowed Spinach to fold as well (Fig. 1A), resulting in MCP-induced
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fluorescence, which could be induced in living cells.2” These experiments showed that a
protein can be used to switch Spinach from an unfolded to a folded state.

A similar strategy can be employed to confer light-sensitivity to other aptamers, such as a
protein-inhibiting aptamer. If an aptamer that only binds the light-activated conformation of
light-responsive protein is generated, it can be fused to an aptamer of interest in such a way
that it impairs its folding. However, upon binding the light-activated protein, the aptamer
then folds, enabling the aptamer of interest to inhibit its target protein (Fig. 1B).

Riboswitches can be made light sensitive in this manner as well. Importantly, the general
concept of using aptamers that switch from an unfolded to folded conformation and affect
the function of another RNA was first demonstrated by Breaker and colleagues with the
development of a ribozyme that was regulated by adenosine triphosphate (ATP).29 In this
case, an ATP-binding aptamer was fused to the hammerhead ribozyme in such a way that
the unfolded ATP aptamer disrupted the ribozyme structure. Upon ATP binding, the
ribozyme structure was restored. To make this light responsive, an aptamer that binds a
light-induced conformation of a light-responsive protein could similarly be used to switch
on the ribozyme.

Realizing light-regulated RNA using photoswitchable small molecules

In the example above, the light-induced switch in aptamer or ribozyme function was
mediated by a light-responsive protein. However, a similar approach can be performed with
a photoswitchable small molecule. Instead of using an aptamer that binds a light-induced
conformational state of a protein, an aptamer that binds a photoswitched small molecule can
be used (Fig. 2). These aptamers can be fused to protein-inhibiting aptamers or to
ribozymes, thus inducing folding only when the photoswitched form of the molecule is
present.

Indeed, recent studies have begun to utilize this type of approach to create light-regulated
RNA-based switches.30 For instance, RNA aptamers that only bind the trans form of an
arginine-substituted azobenzene were generated.31: 32 The secondary structure of these
aptamers is regulated by photo-irradiation with different wavelengths of light. Similarly, an
RNA aptamer that specifically binds to one isomerization state of spiropyran has been
identified.33 In another interesting example, a light-controlled dihydropyrene isomer—
aptamer interaction has been used to reversibly regulate the catalytic efficiency of a
hammerhead ribozyme.34

However, so far, these reported systems have never been applied to regulate processes in
living cells. In order to achieve efficient cellular regulation, the target chromophores should
be able to achieve high conversion efficiency with fast kinetics by irradiating with a low
dosage of visible-to-infrared light, which would confer low cellular toxicity. Additionally,
the compounds should show no effects on cellular function in the absence of light.

As mentioned above, a challenge of using isomerizable small molecules is that their spatial
localization and diffusion inside and outside of cells is difficult to control. Typically, it is
desirable to control the activity of a biomolecule at specific sites within the cell. However, if
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isomerization is induced at any site in the cell, the isomerized molecule can normally diffuse
throughout the cell within seconds. As a result, RNAs throughout the cell that are regulated
by these isomerized molecules will be activated. One strategy to overcome this challenge
can be to use chromophores with low membrane permeability or cellular mobility after
photo-irradiation (Fig. 3), as evidenced by photoactivatable deoxycycline derivatives for the
Tet-On system.3® An additional problem is that the isomerized molecules can potentially
diffuse inside and outside of the cell. Thus, a signaling pathway activated by the isomerized
molecule will be self-limited by diffusion. Conceivably, this could be an advantage because
it would limit the activity of the light-responsive RNA to the duration of time that the light is
applied. Indeed, this can reduce the requirement for identifying molecules that are able to be
reversibly photoswitched by a separate wavelength. Nevertheless, these issues need to be
considered when designing RNA devices regulated by photoswitchable small molecules.

An important issue that needs to be addressed for all synthetic biology applications is the
development of expression systems that enable accumulation of high levels of RNA inside
cells. Typically, RNA transcripts are present at nanomolar concentrations in the cell, while
proteins are often present at micromolar concentrations. Indeed, each mMRNA can encode
hundreds of protein molecules. Thus, the copy number of an encoded protein is significantly
higher than the corresponding transcript. In the case of aptamers that are designed to
selectively inhibit a target protein, the number of copies of the aptamer has to at least match
the number of copies of protein. This requires the availability of expression systems that
enable RNAs to accumulate to levels normally seen with proteins.

The low expression level is related to the problem that RNA is typically rapidly degraded in
cells. Numerous degradation pathways exist to detect and degrade RNAs from both the 5’
and 3’ ends, as well as at internal sites. In order to use RNAs for synthetic biology
applications, the propensity of RNA to be degraded needs to be resolved. Several strategies
are likely to help resolve this issue. For example, recent work has established the basis for
RNA stability in flaviviruses; these studies have identified short sequence elements that are
present at the 5” end of the mature viral RNA that prevent its degradation by 5’—3’
exonucleases. These elements form a knot structure that essentially results in tightening as
the 5’ end of the transcript is pulled into the Xrn1 exonuclease.38 Both viral elements as well
as endogenous noncoding RNA utilize a strategy to protect RNAs from 3’—5’
exonucleases. In this case, the 3’ poly(A) tail of the RNA is selectively recognized by
sequence elements that form a triple helix sequestering the 3* hydroxyl. By sequestering this
element, the RNA becomes inaccessible to 3°—5’ exonucleases.3”: 38 Another possibility to
achieve high-level expression is to utilize circular RNAs, which have been shown by recent
studies to be present in diverse organisms. Because these RNAs lack both a 5" and 3’ end,
they are expected to be resistant to all exonucleases. Thus, systems that enable the high-level
expression of circular RNAs will be a major advance for achieving high-level RNA in
cells.39: 40 |_astly, selection techniques, such as SELEX, can be performed in living cells.?!
Selection for RNAs that remain intact and can allow for an unbiased discovery of sequence
elements enable the stability of synthetic RNASs inside cells.
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A Protein-activated RNA Sensor
Apo structure Protein-induced structure Fluorescent complex
B Photoswitchable Protein-activated RNA Regulator

Inactive RNA structure Light-induced active RNA structure

Figure 1.
Light-dependent regulation of RNA using photoswitchable proteins. (A) Protein-induced

folding of a Spinach-based sensor to activate the DFHBI fluorescence. The sensor comprises
a Spinach module (black), a transducer module (orange) and a protein-recognition module
(blue). (B) An RNA aptamer (blue) that binds the light-activated conformation of a light-
responsive protein is fused to a protein-inhibiting aptamer (black). Upon binding the light-
activated protein, the aptamer (blue) then folds, enabling the protein-inhibiting aptamer
(black) to fold and inhibit its target protein. The active aptamer is indicated with a green
check mark.
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Photoswitchable Small Molecules-activated RNA Regulator

Inactive RNA structure Light-induced active RNA structure

Figure2.
Realizing light-regulated RNA using photoswitchable small molecules. An aptamer (blue)

that binds a photoswitched small molecule (golden circle) can be used to regulate the folding
and activation of a protein-inhibiting aptamer (black). The active aptamer is indicated with a
green check mark.
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Intracellular

i . Low membrane permeability
High membrane permeability or intracellular mobility

Figure 3.
Light-controlled spatial localization and diffusion of photoswitchable small molecules.

Chromophores with low membrane permeability or cellular mobility after photo-irradiation
(golden circle) can be used to improve the spatial resolution of RNA regulation.
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