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Light-Regulated RNA–Small Molecule Interactions

Douglas D. Young and Alexander Deiters*[a]

The development of light-regulated processes represents a
noninvasive means to exert a high level of spatial and tempo-
ral control over a chemical or biological system.[1] The ability to
light regulate the activity of biologically relevant molecules by
the installation of photolabile protecting groups that are re-
moved upon irradiation with ultraviolet light has been demon-
strated numerous times in this context. Examples of this ap-
proach include the regulation of gene expression,[2] protein
production,[3] protein function,[4] as well as antisense,[5] DNA,[6]

and RNA function.[7] Other caged biologically relevant small
molecules include ATP, Ca2+ , theophylline, and fatty acids.[8]

However, the decaging process only allows for the irreversible
activation or deactivation of the system under study, thus limit-
ing the scope of its utility.
Many important processes, for example, information storage,

signal transduction, signal processing, and gene expression all
need to be regulated in a reversible fashion. An important ex-
ample is the regulation of hox genes, which have been found
to be turned on, off, and on again in model organisms during
development.[9] The reversible regulation of these genes facili-
tates proliferation, differentiation, and morphogenesis of bone
tissue and other tissue involved in digitation. Possessing a
means of externally regulating these (or similar) events with
Nature’s precision has the potential to aid in the understand-
ing of fundamental developmental processes.[9]

Obviously, Nature has evolved her own highly sophisticated
mechanism to reversibly sense light using the photochemical
cis!trans isomerization of retinal. This configurational change
is detected by opsin proteins, which then trigger a signal
transduction cascade.[10] Synthetic molecules that are isomeriz-
able in a reversible fashion under light irradiation of different
wavelengths have also been developed, including diazoben-
zenes, dihydropyrenes, spirooxazines, anthracenes, fulgides,
and spiropyrans.[10–12] These molecules have been used in the
investigation of transport channels, CAP binding affinity,
papain activity, DNAzyme cleavage, and various other applica-
tions.[13] However, no synthetic reversible photochemical ge-
netic switch has been demonstrated to date. We envisioned
the design of such a switch by mimicking Nature, substituting
the small molecule–protein interaction with a small molecule–
RNA interaction. Here, we report the first step towards the
goal of assembling a reversible, light-switchable gene control
element at the RNA level by developing a light-switchable
small-molecule–RNA aptamer pair.[14] A spiropyran (1) has been

selected as the light-responsive molecule since it displays
unique chemical properties.[10] Spiropyrans are both light and
pH sensitive, exhibit distinctive chromophores in different
forms (colorless, purple, and yellow) enabling a visual detec-
tion of the switching event (Scheme 1), and undergo rapid iso-

merization between the spiropyran (1) and the merocyanine
form (2a and 2b) upon irradiation with UV light (or pH
changes).[12,15] These molecules have been extensively em-
ployed in the construction of nanoscale switches and photoi-
somerizable polymers for materials applications.[16,17] As the
second component of the switch, an RNA oligonucleotide has
been found to adopt sequence specific tertiary structures ca-
pable of binding small molecules. These oligonucleotides are
known as RNA aptamers.[18] By using the SELEX (systematic
evolution of ligands by exponential enrichment) process, RNA
aptamers have been engineered to selectively bind to a variety
of different small molecules.[19]

We applied this in vitro selection process in the evolution of
an RNA aptamer capable of selectively recognizing only one
photochemical isomer of a spiropyran molecule. The spiro-
ACHTUNGTRENNUNGpyran 1 (R= (CH2)2O2C ACHTUNGTRENNUNG(CH2)2NH2) was immobilized on a sephar-
ose resin, and subjected to ten rounds of affinity selection
(Scheme 2). The selection was designed to employ the photoi-
somerization as part of the partitioning process.
A 32P-labeled RNA library was incubated with resin carrying

the spiropyran in its closed form 1, and nonbinding members
were removed through subsequent washing of the resin. The
resin was then subjected to irradiation with UV light at 365 nm
for 1 h (25 W, hand-held UV lamp), resulting in a visible isomer-
ization to the purple merocyanine 2a (such prolonged irradia-
tion is not necessary with the nonimmobilized spiropyran as
complete switching is observed within 2 min). The RNA aptam-
ers that selectively bind only the closed isomer 1 dissociate
from the resin and are collected, whereas nonspecific binders

Scheme 1. Spiropyran 1 (colorless) and its merocyanine forms 2a (purple)
and 2b (yellow).
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remain bound to the resin and are discarded. This feature of
the selection obviates the need for the negative selection step
traditionally required in in vitro evolution strategies. The col-
lected aptamers were then reverse transcribed, amplified by
PCR, and transcribed into RNA again to be taken through an-
other round of selection. After ten rounds, an enrichment of
~13% of sequences carried through the selection was noted
(as detected by radioactive quantitation by liquid scintillation
counting), and the resulting aptamer pool was cloned and se-
quenced (see the Supporting Information). Sequencing results
revealed five aptamer families with a certain degree of se-
quence homology, thus suggesting convergence of the selec-
tion. Several RNA aptamers were analyzed for their binding af-
finity and selectivity for the desired spiropyran isomer 1. Initial
titration experiments were performed to assess the binding of
individual sequences to the spiropyran. Whereas several of the
isolated aptamers exhibited micromolar binding to the resin,
to our surprise very few exhibited preferential binding to 1
over 2a (Supporting Information). Radioactively labeled RNA
aptamers were incubated with resin carrying 1, which was
then washed until no radioactivity was detected in the eluent.
The resin was then suspended in binding buffer, and, after 1 h,
the amount of RNA aptamer present in solution was deter-
mined on a scintillation counter. The suspended resin was then
switched to 2a by irradiation at 365 nm (25 W, hand-held UV
lamp), and after 1 h the solution was assayed for radioactivity.
A randomly selected control sequence (CNTL) was determined
to have no binding to either the spiropryan (in any form) or
the sepharose resin, thus showing comparable levels of RNA
present before and after irradiation. The other aptamers (SP3,
SP4, SP5, and SP18) were found to bind immobilized 1. Of all

the aptamers assayed, SP3 exhibited binding with the highest
level of selectivity, as a significant portion of the RNA was re-
leased from the resin into solution upon switching from 1 to
2a. SP5 was capable of binding both photochemical states, 1
and 2a, of the spiropyran, but did not exhibit specificity. SP4
and SP18 exhibited some specificity for 1, however it was mini-
mal compared to SP3.
These experiments indicate that the SP3 aptamer (5’-GGA-

ACHTUNGTRENNUNGUUAACUCCUAUCCGAUUUGAAGCAGUACCCUAUUCCA-3’) is a
selective binder for the closed spiropyran form 1 and does not
bind to the merocyanine form 2a, as indicated by a marked
14-fold increase of radioactivity after resin switching (Figure 1).
As SP3 demonstrated the best selectivity, its binding constant
was determined to be 19 mm by both radioactive titration
assays and equilibrium dialysis. We are aware that 1 is present
as a racemate; this results in a binding constant of 10 mm in
the case of enantioselective aptamer recognition.[20]

Following the identification of an aptamer sequence, the re-
versibility of the developed photochemical switch was demon-
strated by surface plasmon resonance (SPR) studies. The spiro-
pyran molecule 1 was modified with a poly(ethylene glycol)
spacer and a thiol group (R= (CH2)2NHCO ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(OCH2)8-
CH2)2SH, Supporting Information) and immobilized on a gold
slide along with a mercaptohexanol control. The surface was
then incubated with the SP3 aptamer (90 mm) ; this resulted in
an increase of the SPR signal (the mercaptohexanol control did
not display any signal change; data not shown). Subsequent ir-
radiation with UV light of 365 nm for 10 min by using fiberop-
tics connected to a UV LED system (Prizmatix BLCC-02) led to a
decrease in the SPR signal indicating a dissociation of the apta-
mer from the surface. This correlates to the isomerization
event as the spiropyran is switched from closed form 1 to the
open form 2a. After irradiation, the spiropyran moiety thermal-
ly reverts back to the closed form 1 in a gradual process, and
rebinding of the aptamer is observed (Figure 2). This process
was then repeated with a second 20 min irradiation event.
Thermal, instead of photochemical switching of 2a to 1 was

Scheme 2. Photochemical in vitro selection. An RNA library is incubated with
a resin containing the spiropyran 1 (square). RNA aptamers incapable of
binding are washed away and the resin is switched to the merocyanine
form 2a (circle) with UV light of 365 nm. RNAs which are nonspecifically
bound, or recognize both isomers are retained, whereas specific binders are
eluted and collected. This enriched pool of RNA aptamers is then reverse
transcribed, PCR amplified, and transcribed back to RNA to continue the
cycle. The selection cycle was performed ten times until significant enrich-
ment of the RNA pool was detected.

Figure 1. Specificity assay for isolated aptamers. Isotopically labeled RNA
was incubated with the spiropyran resin 1, then washed, resuspended in
fresh buffer, and radioactivity in the supernatant was quantitated (dark
bars), the resin was then switched to 2a through irradiation at 365 nm, and
the supernatant was quantitated again (light bars). The RNA aptamer SP3
demonstrated the greatest specificity for spiropyran 1 over the merocyanine
2a. RNA=aptamer concentration.
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conducted because of an interference of white light irradiation
and the SPR camera.
In summary, the engineered RNA aptamer SP3 is specific for

one geometrical state of the spiropyran 1, and the binding
event can be reversibly switched by using light irradiation,
thus representing a unique tool in the development of biologi-
cal switches. Over the course of our studies, two other photo-
switchable molecule–aptamer pairs from a diazobenzene[21]

and a dihydropyrene[22] have been reported, and effectively
complement our switch. The advantages of spiropyran 1 over
other reversible systems lie in its photochemical switching
being virtually complete (>95% of 2a after UV irradiation at
365 nm) because of the distinctively different absorption
maxima of 1 (350 nm) and 2a (563 nm),[23] unlike diazoben-
zenes, which reach a photostationary state of 70–90% cis
when exposed to UV light of 365 nm.[24] The developed light-
switchable small-molecule–aptamer pair has the potential to
be developed into a photochemical riboswitch that can then
be used to spatially and temporally regulate gene function in a
reversible fashion. This switch also has potential in materials
applications, including nanodevices and data-processing cir-
cuits and storage devices.[17,25]

Experimental Section

SPR Protocol : The spiropyran 1 (1 mm, 3K1.5 mL) and a mercapto-
hexanol control (1 mm, 3K1.5 mL) were incubated on a gold surface
(SPRchip; GWC Technologies) for 2 h to afford efficient immobiliza-
tion. The surface was then washed with water (3K1 mL), and
placed into the SPR imager (SPRimager II, GWC Technologies). The
RNA aptamer was transcribed, purified, resuspended in binding
buffer, and quantitated on a nanodrop spectrophotometer. Apta-
mer solution (ca. 100 mL, 30–96 mm) was injected into the SPR
chamber and allowed to bind to the immobilized aptamer for
30 min. After binding had been detected, the gold slide was irradi-
ated with UV light of 365 nm for approximately 10 min, dissocia-
tion and adsorption were monitored in real time, and the switch-
ing was repeated to demonstrate the reversibility of the aptamer
binding.
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