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1. Introduction

Even though the idea of regulating processes with light is
in no way new, recent years have seen a boom in improved
technologies and new applications, as well as the development
of one entirely new strategy: There are now three principle
approaches for the regulation of light. One can use photo-
labile “protecting” groups to irreversibly trigger processes
(uncaging, Section 2), photoswitches for reversible switching
(Section 3), or genetically encoded light-responsive elements
(optogenetics, Section 4). Each of these technologies has its
advantages and disadvantages, and with the recent develop-
ments in each of the fields (for example, wavelength-selective
photolabile groups and optochemical genetics), the bounda-
ries between them have become vague. Here we give an
account of developments over the last six years without the
claim of comprehensiveness (the focus of the applications
instead lies on biological systems). For the time preceding this
period we refer to previous reviews.[1] Several reviews with
selected foci have also appeared in the last six years.[2–12]

2. Irreversible Photo(de)activation (Uncaging)

2.1. Concepts
2.1.1. Caging Groups

One method for the regulation of molecular processes
with light is the use of photolabile “protecting” groups in key
locations. Ideally, this modification blocks the activity of any
molecule completely and restores it only with light. This
strategy is inherently irreversible. First realizations of this
principle date back to 1978 when Hoffman and co-workers
synthesized a photoactivatable adenosine 5’-triphosphate
(ATP) and used it to study the Na/K pump.[13] Shortly
before this study, Engels and Schlaeger synthesized a photo-
activatable cyclic 3’,5’-phosphate of adenosine (cAMP).[14]

Hoffman coined the term “caged” for biologically active
compounds which have been inactivated with a photolabile

group (the “cage” or “caging group”). The new concept
allowed experiments to be performed which would otherwise
have been difficult or impossible to do. The term “caging” is
not unproblematic, because it is often misinterpreted and the
impression is given that the molecule is inside an actual cage
which is opened by light. Furthermore, it makes literature
searches very complex: Text searches yield far too many
results, since the word “caged” appears in many more
contexts. The same is true for structural searches for the
photolabile groups, which appear in many more contexts as
well. In addition, one is prone to miss new developments if
one only searches for the known scaffolds. Additionally, the
unease with the term “caged” led to a diversity of alternatives,
such as “photoactivatable”, “light-triggered”, or even “pho-
tocaged”, which in turn makes text searches even more
complicated. Finally, it should also be noted that there is
a subtle difference between the term “uncaged” (which
means after irradiation of a caged molecule) and “not caged”
(which means the “wildtype” molecule itself). Ideally, both
terms should mean the same, but it is important in reports on
experiments to differentiate between them, because the latter
is then the positive control for the former.

The requirements for good caging groups are quite
complex: They should be easy to introduce as well as highly
soluble and stable under physiological (sometimes intra-
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cellular) conditions. They should have a large molar extinc-
tion coefficient e for an efficient photoactivation. However, it
is not enough to only describe how well the activating light is
taken up (avoiding unnecessary high doses of light), but it
must also be taken into account what percentage of the
molecules in the excited state undergo the desired cleavage
(uncaging) reaction. This is described with the uncaging
quantum yield F. The uncaging reaction should be fast and
follow only the desired reaction pathway (the primary
photoreaction is usually complete within picoseconds). To
avoid photodamage the uncaging must happen at wavelengths
at which the sample is transparent or where no other
unintended reactions are triggered. The caging group should
also be compatible with a variety of leaving groups. Since
uncaging always produces a by-product (the cleavage product
of the caging group), it is important that this by-product is not
toxic. Also, these by-products should not absorb the light used
for uncaging (better than the caged compound). It might be
advantageous if the uncaging event could be monitored, for

example, by the emergence of fluorescence. Finally, delivery
of the caged compound is sometimes an issue, and the cage
can have both positive and negative effects. Fortunately, many
answers to these challenges have been found, and the
literature of the last 30 years is full of successful applications
of the (un)caging principle. Many excellent reviews already
exist (see above). For the last six years alone we have found
about 130 papers on uncaging mechanisms or new and
improved versions of caging groups. It is unrealistic to give
a full account of this research here. Instead, we want to focus
in the following sections on two particular areas which we
believe to be very interesting and conceptually important for
the future of caging concepts: two-photon and wavelength-
selective uncaging. Figure 1 gives an overview of the caging
groups on which we will focus in the following sections, and
Table 1 summarizes typical photophysical properties.

2.1.2. Two-Photon Uncaging

A very interesting alternative to normal “single-photon
excitation” of a caging group is the two-photon uncaging
strategy, where light of approximately twice the wavelength is
applied.[17, 18] For a caging group with an absorption maximum
of 365 nm, one can try to use light of 730 nm. However, it is
a true nonlinear optical effect which only happens at high
light intensities. Special laser light sources have to be used—
for example, a pulsed titanium sapphire laser. Typical
irradiation conditions are pulses with a width of 100 fs at
a repetition rate of 80 MHz and with an average power of 10–
25 mW. However, even at 10 mW this still corresponds to
a power of 1250 W for each ultrashort pulse. The advantage is
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that the probability of a two-photon excitation is proportional
to the square of the local intensity. Therefore, it is possible to
adjust the irradiation conditions in such a way that excitation
is only obtained at the very focus of the laser beam—thus
adding a third dimension to the spatial resolution of the
photolysis area (see Figure 2 left and middle). The volume in
which the excitation conditions are met can be as little as 1 fL
and below (see for example Ref. [19]). In combination with
a suitable optical setup, such irradiation conditions made it,
for example, possible to generate arbitrarily shaped objects by
light-induced polymerization (Figure 2 right). Two-photon
irradiation can also be used for two-photon imaging, where
fluorophores are excited but no photoreaction is intended.
The advantages are that the infrared light can penetrate
deeper into the tissue. Also, as a result of the aforementioned
three-dimensional excitation characteristics, one can get
optical sections without using a confocal pinhole. Both types
of application have been excellently reviewed recently.[8, 20,21]

However, by no means all chromophores are well-suited
to two-photon excitation. Similar to using the extinction
coefficient e and especially the product e F of the extinction
coefficient with the quantum yield for the desired reaction

(see above), the two-photon effect can be quantified using the
two-photon cross-section da and the two-photon action cross-
section du = da F. The unit here is the Goeppert-Mayer (GM),

Figure 1. Overview of different caging groups. X denotes the compounds (mainly connected through alcohols, amines, or carboxylic acids) which
are liberated upon irradiation with light. The references given are by no means an exhaustive account of their use. The caging groups are grouped
in classes.

Figure 2. With two-photon irradiation it is possible to obtain three-
dimensionally resolved excitation spots (middle), whereas with normal
irradiation the excitation results in a double cone (left): Here,
a fluorescein solution is penetrated by a laser beam of 365 nm (left) or
730 nm (middle). Only at the focus of the 730 nm beam is the
intensity high enough for a nonlinear optical effect. Right: By using
two-photon excitation techniques it was, for example, possible to
polymerize this figurine of a bull (scale bar 2 mm, picture taken from
Ref. [18]).
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which corresponds to 10�50 cm4 s/photon. Some authors state
that a two-photon action cross-section of > 0.1 GM is
desirable for biological applications.[37] An NV group has
a two-photon action cross-section of 0.035 GM,[22] while the
NPE and NPP groups have lower values (for an overview of
photophysical properties see Table 1, for the abbreviations
see Figure 1). Compounds with low du values—such as MNI-
glutamate with 0.06 GM—can still be used for two-photon
uncaging (see, for example, Ref. [38]), and there are even
reports of using NV-caged estrogen receptor ligands with only
0.004 GM.[39] Similarly, NV-caged retinoic acid with 0.025 GM
has been successfully uncaged inside zebrafish embryos.[40]

Interestingly, a study exists in which the two-photon action
cross-section of NV has been estimated to be 0.23 GM. In this
study, an amino acid building block was introduced, which
upon NV uncaging led to a peptide scission by an intra-
molecular cyclization.[41] The authors hypothesize that this
unusually high value is due to the high efficiency of the
ensuing intramolecular reaction. With the exception of this
single success, systematic studies have provided better two-
photon caging groups in recent years.

In a series of studies, Goeldner and co-workers succeeded
in improving the two-photon properties of the NPP group
significantly: For example, the derived DMNPB group (for 3-
(4,5-dimethoxy-2-nitrophenyl)-2-butyl) already showed
a du value of 0.17 GM upon uncaging glutamate.[31] In a further
extension of the NPP chromophore, they then introduced the
PMNB caging group (3-(2-propyl)-4’-methoxy-4-nitrobi-
phenyl) and found that it can be used for the uncaging of
glutamate with an improved 0.45 GM.[32] Following the

hypothesis that further extension of the chromophore and
arrangement of donor/acceptor substituents in a dipolar or
quadrupolar fashion on a linear chromophore should improve
the nonlinear properties, they then created the “dimeric”
caging groups BNSMB (4,4’-bis-{8-[4-nitro-3-(2-propyl)-
styryl]}-3,3’-dimethoxybiphenyl) and BNSF ((2,7-bis-{4-
nitro-8-[3-(2-propyl)-styryl]}-9,9-bis-[1-(3,6-dioxaheptyl)]-flu-
orene). Not only did those cages show the expected red-
shifted absorption, but they also had very promising two-
photon action cross-sections of 0.9 GM and 5 GM, respec-
tively.[33] Recently, Goeldner and co-workers presented the
PENB group (3-(2-propyl)-4’-tris-ethoxy(methoxy)-4-nitro-
biphenyl).[34] When this PENB group was attached to a far-
red-emitting acridinone fluorophore for cellular imaging they
obtained a du value of 3.7 GM. In a very recent study
Goeldner, Specht, and co-workers presented the best two-
photon caging groups yet: the CANBP and the EANBP
groups. The latter had a remarkable du value of 11 GM![35]

In an attempt to improve the two-photon properties of
MNI, Ellis-Davies et al. came up with the CDNI caging group
and prepared CDNI-caged glutamate[42] and GABA.[24] The
former has a five times higher uncaging yield (determined by
one-photon photolysis) than MNI-glutamate but explicit data
on the two-photon action cross-section is not given. Ellis-
Davies et al. also presented a promising new derivative of the
NPE caging group which they abbreviate as NDBF (for
nitrodibenzofuran). In their first study, they demonstrated its
use in the release of the secondary messenger Ca2+ and found
a two-photon action cross-section of 0.6 GM.[23] In a later
study, they applied the NDBF group for the caging of another
second messenger—inositol-1,4,5-triphosphate (IP3)—which
can be used to liberate Ca2+ ions indirectly from intracellular
stores with a much lower average irradiation energy than
previous caged derivatives.[43]

The BHQ group was introduced by Dore and co-workers.
It can have two-photon action cross-sections as high as 0.4–
0.9 GM.[28] A systematic study on the influence of substituents
nicely showed once more how difficult it is to optimize the
photophysical properties because in certain cases parameters
could be optimized, but always at the expense of other
important parameters.[44]

An interesting concept for improving two-photon action
cross-sections comes from Pirrung and Dore: They used the
sensitizer thioxanthone with a two-photon cross-section of
5 GM for the excitation, after which the energy was trans-
ferred to an NPP group.[45] Intramolecular-sensitized uncag-
ing, albeit not by two-photon irradiation, had been demon-
strated before by Pfleiderer, Steiner, and co-workers[46, 47] as
well as Corrie and co-workers.[48, 49] In the study by Pirrung
and Dore the sensitizer was not covalently linked to the
caging group. As a result, they obtained a two-photon action
cross-section of 0.86 GM, which is significantly higher than
the one obtained with an NPP group alone. In a similar type
of study, Li and co-workers were able to cleave an NPE group
off a coumarin derivative with a du value of 0.4–1 GM.[50,51] In
this case, the coumarin was the molecule to be released for
cellular imaging applications. Apparently, an interaction
between the coumarin part of the molecule and the NPE
group increased the uncaging performance of NPE by one

Table 1: Examples for optical parameters of caging groups.[a]

Caging group lmax

[nm]
e [M�1 cm�1]
(l [nm])

F eF

[m�1 cm�1]
du

[GM]
Ref.

NPE 240 [22]
NDBF 18 400 (330) 0.7 12880 0.6 [23]
MNI 0.085 0.06 [19,22]
CDNI 6400 (330) 0.6 3840 [24]
NV 5000 (350) 0.12 600 0.04 [22,25]
Bhc 14 800 (365) 0.036 0.72 [26,27]
BHQ 2580 (365) 0.29 0.59 [26,28]
1 25 000 (369) 0.05 1250 1.6 [29]
2 370 20 000 (394) 0.03[b] 400 4.7[a] [30]
DMNPB 350 4500 (350) 0.26 0.17 [31]
PMNB 317 9900 (317) 0.1 990 0.45 [32]
BNSMB 400 39 349 (400) 0.3 11800 0.9 [33]
BNSF 415 63 960 (415) 0.25 16000 5.0 [33]
PENB 0.1 1000 3.7 [32,34]
CANBP 397 7500 (397) 0.15 1100 7.4 [35]
EANBP 397 7500 (397) 0.15 1100 11 [35]
BCMACM 383 18 500 (383) 0.06 [36]
BCMCM 324 11 000 (324) 0.06 [36]

[a] The molar extinction coefficients e as well as the uncaging quantum
yields F and the two-photon action cross-section du are given (see
Section 2.1.2). For abbreviations of the caging groups, see Figure 1. It
must be noted that such a comparison has to be taken with caution,
since these parameters vary significantly with different leaving groups X
or substituents R, and the measuring conditions were not always the
same. Therefore, this Table is meant as a rough guide. [b] For primary E/
Z isomerization.
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order of magnitude. However, in another study, a combination
of the DMNPB caging group with a coumarin derivative led
to only 0.21 GM.[52]

Jullien and co-workers used two-photon uncaging to
control protein activity in cultured cells and zebrafish. They
used the NV group as well as the coumarin caging groups Bhc
and DEACM for the modification of 4-hydroxycyclofen,
a photostable derivative of the estrogen receptor ligand 4-
hydroxytamoxifen.[39] In another study, Jullien and co-work-
ers investigated the use of the 3,5-dibromo-2,4-dihydroxycin-
namic caging group (1), which can liberate alcohols and
amines from their esters and amides.[29] Upon irradiation, the
double bond is isomerized and an intramolecular attack leads
to a (fluorescent) coumarin derivative, thereby liberating the
caged compound with a du value of 1.6 GM. In a following
study, they successfully optimized the caging group and obtain
two-photon action cross-sections of up to 4.7 GM for the
primary E/Z isomerization of compound 2.[30]

In a very recent study, del Campo and co-workers used
a [Ru(bpy)2(PMe3)] complex as a caging group for an
aminosilane, which was used for surface patterning. The
amino group could be recovered upon irradiation at 460 nm
or 900 nm, but no explicit values for the two-photon action
cross-section are given (a du value of 0.14 GM had been
determined for similar complexes in other studies).[53]

Thus, the past few years have seen a fascinating series of
developments leading to improved caging groups for two-
photon uncaging. “Design principles” or guidelines for
improved nonlinear optical behavior have also been dis-
cussed.[8, 21,33] However, while it is already difficult enough to
accurately predict absorption properties, it is much more
difficult to predict reaction pathways and hence uncaging
quantum yields. It has to be kept in mind that the energy in
the system can be dissipated in many more ways than just the
intended reaction. While some of the quoted studies or others
suggest rationales, very often (nonlinear) optical behavior
remains a black box and some studies explicitly show how
difficult it is to optimize photophysical behavior.[54] Therefore,
this field is still far from being mature and much will most
likely be learned in the coming years.

2.1.3. Wavelength-Selective Uncaging

Another interesting twist to the simple principle of
uncaging and a relatively recent trend will now be discussed:
the caging principle is a powerful way of obtaining light-
inducible systems and it is relatively easy to obtain excellent
“binary” ON/OFF behaviors. However, uncaging remains
inherently irreversible. Light-induction scenarios could be
designed in much more complex ways with this caging
approach if it were possible to have, in one system, several
caging groups which could be addressed individually with
light of different wavelengths.

Pioneering work comes from the research group of
Bochet, who initially studied the uncaging of esters of the
caging group 3 versus NV-carbamates and found rate-
constant ratios of 30:1 at 254 nm and 1:100 at 350 nm when
comparing samples with only one of the two compounds.[55]

However, this ratio could not be maintained when both

compounds were present in the same solution. This cross-talk
phenomenon was, however, only observed with one pair of
caging groups. Probing at wavelengths from 254 nm to 419 nm
and changing the substituents on the o-nitrobenzyl caging
groups alone only afforded very modest rate-constant ratios.
Thus, Bochet set up the rules that for orthogonal uncaging:
a) the intrinsic stability of each protecting group should be
very different at various wavelengths, b) the energy transfer
between an excited chromophore and its ground-state neigh-
bur should be suppressed, and c) the cleavage at high energy
(for example, at 254 nm) should be very fast, to avoid
photodegradation of otherwise sensitive groups.[56] Indeed,
mixtures of an NV-ester and an ester of the benzoin-type
BNZ caging group gave selectivities of 90:10 (at 254 nm) and
15:85 (at 420 nm) in acetonitrile solution.[56] It was even
possible to selectively deprotect those two caging groups if
they were present in the same molecule. The term “chromatic
orthogonality”, in analogy to “chemical orthogonality”, was
suggested.[57] Giese, Bochet, and co-workers then found that
the NV group and the tert-butyl ketone derivative 4 were
another selectively photocleavable pair, and applied them in
a solid-phase peptide synthesis, with compound 4 as part of
the linker.[58] NV served as the transient protecting group,
which was removed at 360 nm, while the linker was cleaved at
305 nm. In this way, the model pentapeptide Leu-enkephalin
could be obtained under essentially neutral reaction con-
ditions. The kinetic isotope effect allowed another fine-
tuning: the photolysis of o-nitrobenzyl cages happens through
g abstraction of the benzylic hydrogen atom by the triplet-
excited nitro group. Thus, o-nitrobenzyl caging esters with
two benzylic deuterium atoms stayed intact upon photolysis
at 420 nm in the presence of undeuterated analogues (selec-
tivities up to 8:1) because of the increased stability of the C�
D bond over the C�H bond.[59] This effect could be improved
by desymmetrization with different substituents on the two o-
nitrobenzyl cages.[60] The results up to this point have also
been summarized in a greater level of detail in two review
articles.[61, 62]

The NV/BNZ pair was adopted by del Campo, Jonas et al.
for the photopatterning of glass and quartz surfaces by using
orthogonal photosensitive silanes.[63] Later del Campo and co-
workers established the NV/DEACM pair for sequential
cleavage—first of the DEACM at 412 nm and then of the
remaining NV at 345 nm—again for photopatterning.[64] In
this pair, both cages are cleaved at 345 nm, but this is a nice
example showing that it can sometimes be sufficient to have
sequential addressability. Another pair for sequential
removal was investigated by Wang et al., who used cages 5
and 6 for carbonyl groups. Irradiation with light of � 350 nm
led to a clean photocleavage of the latter, while both could be
cleaved simultaneously with a Pyrex-filtered Hg lamp.[65]

In a very interesting study, Hagen and co-workers
succeeded in the wavelength-selective uncaging of peptide
thiol groups in water. This was possible after the introduction
of the new coumarin cages BCMACM and BCMCM as well
as the NPE derivative C4MNB with improved water solu-
bility.[36] The two new coumarin-derived caging groups were
connected through an oxycarbonyl linker to the thiol. While
the BCMACM group still showed a significant absorption at
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450 nm, the absorption of the BCMCM group was already
very low at 360 nm. For example, with a combination of
C4MNB and BCMACM in the same tetradecapeptide, the
latter caging group could be released upon irradiation with
� 430 nm and then the former with light of � 325 nm.

Ellis-Davies and co-workers combined the two-photon
uncaging approach with the wavelength-selective uncaging
approach and came up with two-color, two-photon uncaging
by using CDNI-caged glutamate and BCMACM-caged g-
aminobutyric acid (GABA) in rat-brain slices.[66] The CDNI
cage could be photolyzed at 720 nm, while the BCMACM
cage was cleaved at 830 nm. In this way, two caged neuro-
transmitters could be orthogonally activated with control over
the space, time, and dose. In a similar study Lawrence and co-
workers used BCMACM-caged 8-bromo-cAMP in the pres-
ence of the o-nitrobenzyl-caged protein kinase PKG (caged
on a cysteine residue). Either the coumarin cage was photo-
lyzed selectively at 440 nm or both together at 360 nm.[67]

Thus, they could wavelength-selectively address two different
nodes of a common signaling pathway.

In our own contribution to this field we have extended the
principle of wavelength-selective uncaging to nucleic acids
and shown that it is possible to photolyze NDBF-caged
deoxyadenosine or -cytidine residues as well as DEACM-
caged deoxyguanosine residues in the presence of their NPE-
or NPP-caged counterparts at > 400 nm.[68, 69] Selectivities of
up to 80:1 were obtained in this example of sequential
uncaging.

San, Bochet, and del Campo recently asked the question
how many functional levels are possible in wavelength-
selective uncaging.[70] By using the caging groups NV, NPP,
BNZ, DEACM, DNI, BNI, and pHP on silanes terminated
with amines, thiols, and carboxylic acids for the modification
of surfaces they demonstrated that up to four different and
independently addressable functional levels can be realized
with the current technology. However, wavelengths below
300 nm were used in this study, and it is questionable as to
how applicable this would be in a biological system. While this
variety is already quite extraordinary, it is certainly correct to
say that wavelength-selective uncaging is still an emerging
field that has only recently come to fruition in its application
to surfaces and biomolecules, and again it will be exciting to
see the progress over the coming years.

2.2. Caged Small Molecules
2.2.1. Compounds for Gene Expression

Regulation of gene expression is an important task in
several research fields, for example in molecular systems
biology, and caged compounds give access to a further level of
control over these processes, now with spatiotemporal
resolution. Methods towards small-molecule-regulated gene
expression are currently available for almost every cell type.
Approaches to control these systems by using caged com-
pounds have also been accomplished in several ways. For
example, Young and Deiters employed nitropiperonal to
generate a caged version of isopropyl-b-d-thiogalactoside
(IPTG; Figure 3), which releases the lactose repressor from

the lac operator and enables gene transcription (Figure 3).
Consequently, the incorporation of this compound into
Escherichia coli enabled the light-induced expression of
a reporter gene.[71]

Cambridge et al. used the famous tetracycline-on (Tet-on)
system to develop photoactivated gene expression in eukar-
yotes and synthesized a DMNPE-caged version of doxycy-
cline (Figure 3). When applied in Chinese hamster ovary,
mouse embryos, and Xenopus laevis tadpoles, it could induce
green fluorescent protein (GFP) expression with single-cell
resolution by the two-photon uncaging of doxycycline.[72,73]

Koh and co-workers made use of a similar approach involving
NV-caged doxycycline to express ephrin A5 in NIH 3T3 cells,
thereby directing the arrangement of cells on living cell
monolayers (Figure 3).[74]

In addition to small-molecule protein effectors, com-
pounds that regulate the activity of ribozymes were also
investigated to achieve photoactivatable gene expression.
Ribozymes represent self-cleaving RNA elements, and when
embedded in mRNA molecules they can be employed to
control gene expression. Deiters and co-workers synthesized
an ONB-dioxolane-caged version of toyocamycin, which is an
inhibitor of the hammerhead ribozyme (Figure 3).[75] Uncag-
ing of toyocamycin in mammalian HEK 293T cells that were
transfected with a plasmid encoding for the reported gene
luciferase under control of a hammerhead ribozyme resulted
in an increase in the luciferase activity. In our own study we
used the glmS ribozyme to control GFP translation in
reticulocyte lysates and could control the GFP production
with light by using an NPP-caged version of the ribozyme�s
cofactor glucosamin-6-phophate.[76] Currently, this approach
is limited to cell-free systems, since the highly polar cofactor
cannot pass through the lipid bilayer of eukaryotic cells.

2.2.2. Compounds in Neurobiology and Signaling Pathways

Neurons communicate through synapses by using the
amino acid glutamate and other effector molecules. Gluta-
mate in particular has been equipped with different photo-
labile groups. The commercialization of MNI-glutamate
allowed various investigations with two-photon uncaging in
neuroscience, even for scientists without a synthesis labora-

Figure 3. Overview of caged compounds used for the regulation of
gene expression with light.
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tory.[77–83] It is noteworthy that MNI-glutamate has been
employed in vivo, and demonstrated spatiotemporal struc-
ture–function relationships of dendritic spines localized in the
neocortex.[38] Single spines could be engaged with glutamate
with a spatial resolution of uncaging of 0.8 mm and led to
a transient current in the living mouse brain.

Second-generation nitroindolinyl-caged neurotransmit-
ters, namely CDNI-Glu and CDNI-GABA, have been
shown to be more effective at firing and blocking the action
potential in hippocampal neurons. Ellis-Davies et al. applied
both caged neurotransmitters and two-photon uncaging in
living rat brain slices at axial resolutions of about 2 mm,
thereby allowing high-resolution functional mapping of
GABA-A and AMPA receptors.[24, 42,84, 85] The combination
of CDNI-Glu, uncaged at 720 nm, with DCAC-GABA,
uncaged at 830 nm, enabled the multimodular optical control
of the membrane potential of a single synapse.[66] Recently,
Goeldner and co-workers synthesized new photoactivatable
derivatives of GABA-CANBP and EANBP-GABA, which
can be uncaged even at 800 nm and were applied for the
release of GABA in brain slices.[35]

Vanilloid derivatives can induce nociceptive neuron
membrane depolarization through heat-sensitive transduc-
tion channels. Different caged ligands of the vanilloid
receptor were synthesized to investigate these events with
spatiotemporal resolution. Kao and co-workers demonstrated
extracellular receptor activation by two-photon uncaging
(720 nm) of the NV variant.[86] In similar experiments, Frings
and co-workers demonstrated reduced intracellular receptor
sensitivity by one-photon uncaging of the BCMACM var-
iant.[87]

Cyclic nucleotides are secondary messengers that are
involved in many different signal-transduction pathways and,
thus, have been intensively studied. Caged versions have been
commercially available for more than a decade and have
paved the way for the application of caged cGMP, in
particular, as a standard for signaling investigations. Recently,
Kaupp and co-workers utilized the activation of DEACM-
caged cGMP to induce voltage responses in cyclic-nucleotide-
gated channels in the sperm flagellum of marine inverte-
brates. This approach afforded ground-breaking insights into
the chemoattractant signaling by the application of a caged
compound.[88]

Phosphoinositols (IPs) are important components of the
intracellular transduction network and exhibit various phos-
phorylation patterns. An NPE-caged version of 1,4,5-IP3 is
commercially available, and NV-caged IP4 was employed for
more than a decade for the investigation of intracellular
signaling. These phosphoinositol derivatives are rendered
membrane-permeant by bioactivatable protecting groups. In
recent years, Ellis-Davies and co-workers developed two new
caged versions of 1,4,5-IP3, namely NV-IP3 and NDBF-
IP3.

[22, 43,89] The former provided new insight into the under-
standing of astrocyte-synapse communication by using two-
photon uncaging (720 nm).[90] NDBF-IP3 has a fivefold higher
quantum yield than NV-IP3 and, therefore, may lead to an
increased mobilization of calcium in neurons.

Schultz and co-workers synthesized DEACM-caged ver-
sions of phosphatidylinositol 3-phosphate PtdIns(3)P and

PI(3,4,5)P3 (Figure 4)[91, 92] These compounds are membrane-
permeable, similar to other caged phosphoinositides, which
can be metabolized by endogenous enzymes to remove the
protecting groups. Caged PtdIns(3)P was applied to induce
spatiotemporal endosomal fusion in HeLa cells, and thereby
demonstrated phophatidylmonophosphate to be a second
messenger connecting phosphatidylinositol-3-OH kinase sig-
naling with the endosomal pathway.

Diacylglycerol is, in addition to IP3, another secondary
messenger that is hydrolyzed by phospholipase C. The role of
diacylglycerol in the transient orientation of the microtubule-
organizing center of T cells toward an antigen-presenting cell
was described by Huse and co-workers, who used a Bhc-caged
version.[93]

Calcium is the most important carrier of chemical
information and regulates a wide variety of functions in
cells. Caged chelating ligands that release Ca2+ ions upon
irradiation have been used for decades, particularly in neuro-
biology. A comprehensive review of these ligands and their
functions has been published recently.[94]

Bittman and co-workers synthesized DEACM- and 4-
bromo-5-hydroxy-2-nitrobenzhydryl-caged versions of
ceramide and ceramide-1-phosphate, which are important
components of the cell membrane and also signaling mole-
cules.[95,96] These sphingolipids were taken up by macro-
phages, and after uncaging an increased cell proliferation was
observed.

The rapamycin-mediated heterodimerization of the FK-
506 binding protein and FKBP-rapamycin binding protein
was the subject of several studies using NV-caged rapamycin.
By photoactivation of rapamycin, Woolley and co-workers
induced the time-resolved interaction of FKBP and mTORC1
and thereby inhibited mTORC1 signaling in HeLa cells.[97]

Umeda et al. fused YFP and Tiam1, a specific guanine
exchange factor for Rac, with FKBP.[98] The dimerization of
the FK-506 binding protein and YFP-FKBP-Tiam1, triggered
by the uncaging of rapamycin, enabled local Rac activation
and subsequent ruffle formation in NIH 3T3 cells. Deiters and
co-workers employed the heterodimerization technique in
a similar approach for the activation of an engineered protein
kinase by light.[99] They connected this protein kinase to an
engineered version of FKBP and demonstrated the local
control of membrane ruffles in HeLa cells by the uncaging of
rapamycin.

Figure 4. Overview of caged phosphoinositols for light-induced trigger-
ing of cellular signaling pathways. AM= acetoxymethyl, for cellular
delivery; Bt = butyroyl.
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2.2.3. Compounds with Hormone Function

Hormones and their receptor binding analogues regulate
a variety of functions in living systems. Caged versions of
several compounds in this class were generated to regulate
gene expression. Recently, Jullien and co-workers developed
a DMACM-caged version of retinoic acid, which is an
important signaling molecule during embryogenesis.[40]

Releasing the compound by two-photon uncaging in zebrafish
embryos led to a retinoic acid induced retina malformation.
The same research group also synthesized an NV-caged
version of 4-hydroxytamoxifen, the inducer of the estrogen
receptor ligand binding domain (ERT2).[39] ERT2 was fused to
GFP and inactivated by a chaperone complex. Fluorescence
could be induced in the embryos by one- or two-photon
uncaging of the ligand. Koh and co-workers synthesized an
NV-caged vitamin D analogue.[100] Vitamin D receptor medi-
ated luciferase reporter activation could be observed in
HEK 293T cells upon uncaging of the ligand. Bhc-caged
progesterone was employed to study its rapid, nongenomic
effect on human sperm.[101] One- or two-photon uncaging
resulted in the influx of Ca2+ ions and a change in the
swimming behavior of the sperm cells.

2.2.4. Other Compounds

Besides the release of stable molecules from caged
precursors, caged compounds are also applied for the
formation of species, such as nitric oxide (NO) or hydrogen
peroxide (H2O2), involved in oxidative processes. Miyata and
co-workers reported the formation of NO by the two-photon
excitation of fluorescein linked to 2,6-dimethylnitroben-
zene.[102] Chang and co-workers caged 1,2,4-trihydroxyben-
zene, which reduces molecular oxygen to superoxide and
leads to the formation of H2O2.

[103] H2O2 activates cofilin, an
actin depolymerization factor at the actin rods in HeLa cells.
Uncaging of 1,2,4-trihydroxynitrobenzene triggered the reac-
tion in physiologically relevant amounts and was visualized by
GFP fused to cofilin.

Classical caged compounds are directly covalently bound
to their photolabile group. Mokhir and co-workers developed
a remarkably different system for the photorelease of the
molecule of interest.[104] They fused two fluorophores, which
quench each other, to 1,9-dialkoxyanthracene, a singlet
oxygen (1O2) sensitive linker. Irradiation with light led to
a photosensitizer that formed 1O2 from triplet oxygen in vitro,
which cleaved the linker and released the fluorophores. The
system also was used to monitor 1O2 concentrations in HeLa
cells.

2.3. Photo(de)activatable Peptides and Proteins
2.3.1. Photoactivatable Peptides

Peptides are used in molecular biology mostly to activate
or inhibit protein function. Cages are introduced to prevent
these short amino acid sequences from binding to or perform-
ing their natural function at the target. Kinases phosphorylate
their target substrates in response to specific activating

signals. Bresnick, Lawrence, and co-workers employed this
incidence to activate a peptide substrate for protein kinase C
(PKC), which changes its fluorescence upon phosphoryla-
tion.[105] A DMNB cage at a specific residue of the peptide
inhibited its phosphorylation. Hence, the activity of PKC in
PtK2 cells during mitosis could be monitored in a time-
resolved manner by uncaging.

In a very sophisticated approach, Lawrence and co-
workers designed a kinase-inhibiting caging agent. This agent
consisted of two parts connected through a DMNPE-based
photocleavable linker.[106] One part of this caging agent
contained a maleimide and a TAMRA fluorophore. The
other part contained an inhibitory peptide, which binds to the
active site of PKC, and a quencher. Thus, the bound inhibitory
peptide was anchored intramolecularly through the malei-
mide. Irradiation of REF52 cells cleaved the construct, thus
liberating the inhibitory peptide and the quencher. This
restored the PKC activity and the fluorescence (as a marker
for the activity).

The fibronectin epitopes RGDS (arginine-glycine-aspar-
tate-serine), a short peptide that promotes integrin-mediated
cell adhesion, were caged in different ways to obtain photo-
inducible cell adhesion on surfaces. Stupp and co-workers
synthesized an RGDS peptide bearing a palmitoyl tail and an
ONB cage at the N terminus.[107] This molecule self-assembles
into nanospheres, but forms nanofibers upon UV irradiation.
NIH/3T3 mouse embryonic fibroblasts incubated with the
caged peptide exhibited an increased expression of the
cytoskeletal protein vinculin, found in focal adhesion plaques,
after photoreleasing, thus indicating an increased bioactivity.
A similar approach was used by Del Campo and co-workers,
who introduced a DMNPB-caged aspartate in the cyclic form
of RGD, and the caged peptide was immobilized on a silica
surface through a bifunctional tetra(ethylene glycol)
linker.[108] Cao and co-workers fused a RGDS variant with
an ONB cage at the glycine residue associated with a hyalur-
onic acid hydrogel.[109] In both cases uncaging led to an
induced adhesion of fibroblasts.

Kikuchi and co-workers employed a bacterial liposome as
a compound release system that could be opened by a lip-
osome-degrading antimicrobial peptide (AMP).[110] The 13th
amino acid of the AMP was caged by a Bhc moiety at the
respective lysine residue. Carboxyfluorescein-containing
giant unilamellar vesicles were shown to be efficiently
degraded by the uncaging of AMP with UV light.

Kuner et al. also applied a cage at a lysine residue in
a peptide that inhibits the N-ethylmaleimide-sensitive factor
so as to investigate the timing of neurotransmitter release.[111]

Microinjection of the peptide into the presynaptic terminal of
the squid giant synapse and photolysis of the ((5-carboxyme-
thoxy-2-nitrobenzyl))oxy)carbonyl cage with UV light
resulted in inhibition of the formation of the SNARE
complex (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor complex).

2.3.2. Photodegradable Peptides

The functionalization of a peptide with a cage group may
not only result in the inhibition of the peptide function and its
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reconstitution of activity after irradiation. Caged peptides can
also be designed with preserved function, and photocleavage
results in the loss of binding to their target (Figure 5). Kron
and co-workers introduced the nitrophenyl amino acid

derivative (2-nitro)-b-phenylalanine in the backbone of the
peptide pheromone a factor from Saccharomyces cerevi-
siae.[112] This photodegradable peptide activated the mating
pathway as well as its unmodified version and thereby
arrested the cell cycle in the G1 phase. Irradiation with UV
light resulted in recovery of G1 arrest, as characterized by an
a factor/nocodozole trap assay and flow cytometry.

Ovaa, Schumacher, and co-workers synthesized a version
of a major histocompatibility complex (MHC) class I ligand
containing an ONB-based amino acid.[113] This photocleav-
able nine amino acid peptide kept biotinylated MHC in its
stable, peptide-bound form. UV irradiation resulted in the
complex degrading and enabled the association of biological
ligands of interest to the MHC. This reloading with different
epitopes of choice allowed antigen-specific T-cell responses to
be monitored in a high-throughput manner.

Piehler et al. synthesized a photofragmentable oligohisti-
dine peptide for the site-specific targeting of His-tagged
proteins.[114] The ONB-based peptide containing photocleav-
able amino acids blocks tris-NTA-functionalized surfaces, but
the His-tag binding capacity disappears upon irradiation.

Lawrence and co-workers designed a bivalent photo-
cleavable inhibitor of the active site and the regulatory
domain (SH2) of the Src tyrosine kinase.[115] Photolysis of the
ONB cage, which connects the two peptides, resulted in
recovery of the Src kinase activity in vitro.

Aiming for higher photolytic efficiency, Nagamune and
co-workers introduced the Bhc group as a linker in model
peptide conjugates (Figure 5).[116] The photosensitivities were
higher than ONB-caged linkers. Smith, Hochstrasser, and co-
workers synthesized a cyclic peptide with a tretrazine-based
linker.[117] This ultrafast chemical trigger exhibited complete
photolysis after flash irradiation at 256 nm and slower
photolysis up to the visible range, thus enabling the initiation
of early events in peptide folding.

2.3.3. Caged Genetically Encoded Proteins

The development of new orthogonal aminoacyl-tRNA
synthetase/tRNA pairs enabled the introduction of a variety
of caged amino acids in proteins by altering the genetic code
of Escherichia coli, yeast, and mammalian cells.[118] Applica-
tions for ONB-caged tyrosine, ONB-caged fluorotyrosine,
DMNB-caged serine, and NPOM-caged lysine were recently
reported.

Deiters et al. genetically encoded ONB-caged tyrosine for
incorporation into the hydrolase b-galactosidase and the
DNA polymerase I of Thermus aquaticus in Escherichia coli.
This led to UV-light-inducible b-galactosidase activity and
DNA polymerization.[119, 120] By utilizing the same expression
system, the topoisomerase Cre recombinase, T7 RNA poly-
merase, and a zinc-finger nuclease with caged amino acid
residues were generated, this time in mammalian HEK 293T
cells. In this way, GFP fluorescence mediated by restored
recombinase activity, T7 promoter procured gene transcrip-
tion, and site-specific double-strand breaks induced by zinc
finger proteases and leading to reporter gene activity could be
observed.[121–123]

Furthermore, a pyrrolysyl-tRNA system was developed
that encodes NP-caged lysine in HEK 293T cells. The tumor
suppressor p53 and the mitogen-activated protein kinase 1
(MEK-1) were expressed with the photoactivatable amino
acid placed in their active site. The localization of EGFP-
fused p53 could be monitored upon UV irradiation, and the
MEK-1 activity was measured by extracellular-signal-regu-
lated kinase phosphorylation.[124, 125]

DMNB-caged serine was introduced by Schultz and co-
workers into the transcription factor Pho4 in Saccharomyces
cerevisiae.[126] Photolysis at 405 nm resulted in Pho4 being
phosphorylated by the cycline-cycline dependent kinase
complex and exported from the nucleus to the cytoplasm.
Not only were proteinogenic amino acids functionalized with
photolabile groups: The aminoacyl-tRNA synthetase system
was shown to accept further chemically modified caged amino
acids. This approach was used by Deiters, Cropp, and co-
workers for the site-selective introduction of a fluorotyrosine
in EGFP expressed in E. coli to alter the electronic properties
of the chromophore.[127]

2.3.4. Photomodulation of Protein Splicing

Protein splicing is the autocatalytic cleavage of an internal
protein domain (Int) from a peptide sequence followed by
ligation of its flanking regions (Ext).[128] Muir and co-workers
synthesized a version of the split Ssp DnaE intein caged with
an NV residue at the a-amino group of Ser35.[129] Uncaging
with UV light resulted in the in vitro formation of splicing
product comparable to the unmodified peptides quantified by
Western blot (Scheme 1). Camarero and co-workers used
a similar approach to introduce an NV cage in the peptide
backbone of intein.[130] Photocontrollable formation of the
model maltose binding protein by protein splicing was
measured by a change in the fluorescence anisotropy arising
from the labeling of the Cintein with a fluorophore. Mootz and
co-workers synthesized an intein with an NV-caged diamino

Figure 5. Two approaches to photocleavable peptides through either
an NPE- (top)[112–115] or a Bhc-based strategy (bottom).[116] The photo-
cleavable bond is marked with an arrow.
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propionic acid, the isostere of cysteine.[131] By applying
prothrombin as the extein in this system, they could induce
coagulation in human blood plasma with UV light.

2.3.5. Other Applications

To address fluorophores in certain proteins in a spa-
tiotemporal manner, for example, for microscopy appli-
cations, Johnsson and co-workers fused the O6-alkylgua-
nine-DNA alkyltransferase (SNAP tag) to the target
protein and a SNAP-tag reactive moiety to the photo-
activatable fluorophore group. Photodegradation of
a linker between the fluorophore and its quencher or
photolysis of a directly caged fluorophore resulted in the
generation of a fluorescent-labeled SNAP-tagged pro-
tein in mammalian cells and zebrafish.[132–134]

Investigating the ubiquitylation of proteins is essen-
tial for understanding cellular processes, such as proteo-
somal protein degradation and the regulation of gene
transcription. Therefore, Muir and co-workers designed
a sophisticated expressed protein ligation system, includ-
ing a photolytically removable ligation auxiliary, to
obtain site-specific ubiquitylation.[135, 136] A C-terminal peptide
of the histone H2B was protected with ONB-based photo-
cleavable groups and ubiquitin was site-selectively attached
by auxiliary-mediated expressed protein ligation. The pro-
tecting groups were then removed by irradiation at 365 nm,
and the N-terminal part of the H2B protein was ligated to the
peptide. With this chemically ubiquitylated H2B (uH2B) they
could prove direct stimulation of the K79-specific methyl-
transferase hDOT1L through uH2B, as evident by histone H3
methylation.

In some of the approaches described above, the protein of
interest is caged at an amino acid that resides in the active site
and is going to be phosphorylated by its natural activator.
Imperiali and co-workers chose a different approach, in which
they directly introduced caged phosphorylated amino acids in
peptides and proteins by solid-phase synthesis.[137] They
designed DEACM- and NPE-caged versions of phosphory-
lated serine and applied them to the substrate and an inhibitor
of the Wip1 phosphatase, which allowed wavelength-selective
activation and inactivation of a phosphorylation pathway.[138]

An NPE-caged phosphorylated serine was introduced in the

myosin regulatory light chain, and spatial control over the
release of activated myosin was achieved by uncaging in
COS7 cells.[139]

2.4. Photo(de)activatable Oligonucleotides

Caged derivatives of DNA, RNA, and of their analogues
became available rather late in the history of caging
compared to reversibly photoswitchable DNA. For an
account of these early studies we refer the reader to our
previous review.[1] Understandably, the last six years have
seen the development of quite a diverse range of new
applications. Conceptually, in oligonucleotides, the caging
group can be introduced on the nucleobases to prevent
Watson–Crick base pairing, on the ribose, the phosphodiester
backbone, or as an internal photocleavable linker (Figure 6).
The effect of nucleobase caging on duplex stability has been

systematically studied.[140] A photocleavable linker can also be
used on the 5’ or 3’ end. While the modifications of type (a),
(b), and (d; Figure 6) are usually synthesized by using suitable
precursors in a solid-phase synthesis, type (c) is realized by an
(unspecific, statistical) alkylation of oligonucleotides with
diazo precursors of caging groups.

2.4.1. Regulation of Gene Expression by Light

Most of the investigations dealt with the regulation of
gene expression and has been reviewed before.[142–146] The use
of RNA interference is probably one of the most interesting
ways of regulating genes, where the key players are small
interfering “siRNAs”. They can, for example, be made to be
light-inducible by caging the nucleobases in the center of the
so-called guide strand, as we showed in our own study.[147]

Friedman and co-workers were the first to describe light-
inducible siRNAs that were caged on the phosphodiester
backbone (Figure 6c);[148] however, the ON/OFF effect was
incomplete. In an attempt to improve this, they modified the
5’ end of the guide strand with caging groups and again found

Scheme 1. Schematic representation of the light-triggered splicing of
proteins.

Figure 6. Overview of different caging concepts for DNA or—as here—RNA.
The caging groups can block the a) Watson–Crick base paring capabilities,
b) 2’-OH groups of RNA,[141] or c) residues of the phosphodiester backbone,
or d) be present as photocleavable linkers between two nucleosides or on
the 5’ or 3’ ends.
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only an incomplete ON/OFF behavior.[149] This was in
contrast to expectations from the literature, which until that
time stated that any 5’ modification abolishes RNAi activity
completely. In a following study on the course of the
modification of oligonucleotides with diazo precursors of
caging groups they found that, in contrast to usual expect-
ations, the terminal backbone phosphate groups of siRNAs
are caged much more easily than internal phosphodiesters or
nucleobases.[150] To perfect their terminal-caging approach
they switched to a sterically more-demanding caging group
CD-DMNPE and indeed obtained a better light-induction
behavior.[151] Since the stability of the caged constructs until
photoactivation is an issue, they also showed that caged
siRNAs with phosphorothioate linkages have an increased
stability in serum.[152] Monroe and co-workers performed
a similar study with 2’-fluoro-modified siRNAs in cell culture
and in zebrafish embryos.[153] Blocking the 5’ end of the
antisense strand is also the strategy followed by McMaster
and co-workers. They could successfully downregulate—even
in a dose-dependent fashion—a number of genes without
generating nonspecific effects.[154]

A more traditional approach to the regulation of gene
expression is the use of antisense oligonucleotides which
either block the mRNA or induce its cleavage by RNAse H.
In a series of studies Dmochowski and co-workers prepared
light-activatable antisense reagents, for example, by modify-
ing an antisense oligonucleotide against c-myb RNA through
a photocleavable linker with a partially complementary sense
strand (see Figure 7a). This intramolecular hairpin could be
photocleaved, thereby liberating the antisense agent.[25,155–157]

Mokhir et al. synthesized a linker that can be photolyzed with
red light for such an approach. Its mode of action is based on
the generation of singlet oxygen through a photosensitizer.[158]

Deiters and co-workers, on the other hand, used nucleobase-
caged phosphorothioate antisense agents which only hybrid-
ized to the cognate mRNA upon uncaging in mouse fibroblast
cells.[159] They later showed that it is possible to deactivate
antisense reagents with light by using a construct with an
oligonucleotide, a photocleavable linker, and polyethylene
glycol (PEG).[160] The PEG protected the DNA antisense
agent from degradation by exonucleases until photocleavage.
A special sort of antisense reagent is the so-called “morpho-
linos”, in which the ribose unit has been replaced by
a morpholine ring for better stability inside of cells. Chen
and co-workers described light-activatable morpholinos in
which the activation strategy again consisted of an antisense
strand which was attached through a photocleavable
linker.[161–163] They showed that this system can be used to
regulate the no tail gene with light in zebrafish embryos.
Deiters, Yoder et al. showed that it is also possible to use
a nucleobase-caged approach and regulated chordin expres-
sion in zebrafish.[164]

“AntimirRs” are antisense oligonucleotides with reactiv-
ity against micro-RNAs (miRNAs). By using a photocleavable
linker approach, Li and co-workers successfully created the
first caged antimirs and successfully applied them in C. ele-
gans.[165] Genes that are under the control of transcription
factors can also be regulated with “decoys”—extra copies of
the dsDNA transcription factor binding site. Deiters and co-

workers showed that nucleobase caging can produce inactive
decoys and could regulate NF-kB activation through uncag-
ing.[166] The translation of plasmids was successfully regulated
by Nagamune and co-workers through the site-specific
introduction of a caged residue into the plasmid in a PCR
reaction.[167] By joining two shorter antisense strands with
a photocleavable linker, Dmochowski and co-workers created
“RNA bandages”, which presented a roadblock for ribosome
translation.[168] Cleavage of the linker restored translation.

2.4.2. Regulation of Aptamers by Light

Another very valuable application of oligonucleotides is
their use as aptamers, for example, for the regulation of
protein function.[169] Aptamers are obtained in an evolu-
tionary selection process termed SELEX, in which a target of
interest is incubated with a large library of DNA or RNA.
Without any further necessary knowledge on the interaction
properties of the target binding, aptamers are identified in
several cycles of washing away unbound material and PCR
amplification of what has bound. Aptamers can also be used
for diagnostic purposes and much more. Hence, it is desirable
to control their function with light. We reported the first light-
activatable aptamer:[170] We showed that the activity of the
aptamer HD1 which forms a G-quadruplex structure and can

Figure 7. Some applications of photo(de)activatable oligonucleotides:
a) light-regulation of gene expression with caged antisense oligonucle-
otides; b) regulation of aptamer activity; and c) caged molecular
beacons.
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inhibit the serin protease thrombin can be triggered with light
by caging one single thymine nucleobase involved in the
interaction (Figure 7b). Molecular dynamics simulations
showed the influence of the caging group.[171] Guo, Shi, and
co-workers later showed that backbone caging is also
applicable with the same aptamer.[172, 173] Since this aptamer
is of therapeutic interest as a blood-clotting inhibitor, we then
showed that it is also possible to turn the aptamer activity off
with light by using an intramolecular antisense (“antidote”)
strategy.[174] Once liberated with light, the base-pairing
capabilities of the antisense strand destroy the active G-
quadruplex formation of the aptamer. It turned out that it was
very important whether this antisense strand was attached to
the 5’ or 3’ end and the latter even resulted in more potent
blood-clotting inhibitors—an effect which is not fully under-
stood.[175] While it was convenient to have an X-ray structure
of HD1 and thrombin, this is not necessary for finding good
caging sites. Simple predictions of the secondary structure can
be sufficient if one decides to prevent the formation of the
active conformation of the aptamer with caged nucleo-
bases.[176] Since aptamers can even be generated to target
different regulatory sites on proteins, we also showed that
domain-specific light-regulation of protein function is possi-
ble by using bivalent aptamers with cages in the different
contributing aptamer halves.[177] In a recent study we showed
that caged aptamers can also be used for the functional
detection of proteins in a process called apta-PCR, in which
a diagnostic aptamer is liberated from its target so as to be
quantified and analyzed by quantitative PCR.[178]

2.4.3. Other Applications

A very recent development are caged molecular bea-
cons.[179] Molecular beacons are diagnostic oligonucleotides
which form a stem-loop structure and have a fluorophore on
one end and a quencher on the other. In this state, the
fluorescence resonant energy transfer (FRET) effect between
the two makes the beacon nonfluorescent. However, upon
binding of the loop region to a target mRNA, the stem-loop
structure opens and the beacon fluoresces—thus, indicating
the presence of the cognate RNA. Caged molecular beacons
require an additional light-trigger for this process. The
objective is that they can be used for single-molecule real-
time detection of RNA in living cells with minimal back-
ground because they can be activated for RNA probing only
where desired by a focused laser. Two approaches exist for
this up to now (Figure 7): Tan and co-workers showed that
such an effect can be realized by connecting the two ends of
a molecular beacon through a photocleavable linker.[180] In
our study we demonstrated that the effect can be improved to
an almost binary ON/OFF behavior if the nucleobases in the
loop region are caged with multiple cages which could still be
removed efficiently.[181] Abe, Ito, and co-workers showed that
a similar effect is possible when using an oligonucleotide with
a caged fluorophore.[182] However, here the probe also lights
up in the absence of the target RNA.

One of the many next-generation sequencing technologies
is the sequencing by synthesis approach.[183] This is basically
a primer extension technology, in which reversible termina-

tors ensure that only one (fluorescent) residue is attached in
every cycle. Which base it is can be detected by the
incorporated color. The reversible terminator and the fluo-
rophore are then removed and the next cycle begins. Of
course, uncaging can be elegantly used here. A report by
Metzker and co-workers shows that nucleobase caging of the
exocyclic amino group of adenosine alone already results in
an effective reversible termination of primer extension.[184]

The triphosphate is recognized by several polymerases, but
further elongation is only possible after uncaging. In another
study, they introduced ONB-caged 5’-hydroxymethyl-2’-deox-
yuridine triphosphate (HOMedUTP).[185] This thymidine
analogue also behaved as a photocleavable 3’-OH-unblocked
reversible terminator. A recent study completed the final set
of caged reversible terminators.[186]

In a series of studies Komiyama, Kuzuya, and co-workers
applied the concept of nucleobase-caged nucleotides to PCR
reactions. For example, by using a caged dTNPP in a DNA
template they were able to stop the primer extension of the
counterstrand at the position opposite the caged residue.
Thus, after photolysis they were able to prepare double
strands with sticky ends which could immediately be used for
ligation into a plasmid vector.[187–190] Deiters and co-workers
expanded the scope of this application and showed that it is
possible to elegantly perform site-directed mutagenesis or
deletions in plasmid DNA.[191] They also controlled PCR
reactions with light in a different way: They used primers with
three cages—thereby preventing annealing to the template—
to activate primer hybridization with light. Deactivation of
PCR reactions was possible by using primers with caged
antisense regions which could form hairpin structures upon
irradiation with light and thus dehybridize from the template
upon irradiation.[192]

Deiters and co-workers also showed that ribozyme
activity can be brought under the control of light: ribozymes
are catalytically active RNA that can, for example, catalyze
the cleavage of a phosphodiester bond. They can be
engineered for substrate selectivity and conditional activity,
for example, sensing the presence of small molecules.
Theophylline is such a small molecule which can control an
engineered variant of the hammerhead ribozyme. Young and
Deiters prepared caged versions of theophylline as the light-
activated ribozyme.[193] While this study could have been
mentioned in Section 2.2 on caged small molecules, the
authors then proceeded to show that it is also possible to
introduce nucleobase-caged residues into two DNAzymes
(made from DNA instead of RNA) and control their function
with light.[194, 195] By using an antisense approach it was also
possible to also photoregulate DNAzymes.[196] Here, a caged
DNA analogue (decoy) of the RNA to be cleaved was used.
Once activated with light, it binds to the DNAzyme but is not
a substrate for cleavage. This caged antisense strand could
also be present as an intramolecular extension of the
DNAzyme. In a similar approach, Dmochowski and co-
workers turned the 10–23 DNAzyme on or off with light by
using a photocleavable linker residue in the DNAzyme which
either cleaved and hence deactivated the DNAzyme or made
it accessible by the photocleavage of blocking DNA
strands.[197] J�schke and co-workers used nucleobase-caged
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residues for the photoactivation of a very different ribozyme,
which in this case catalyzes the reaction of two small organic
molecules in a Diels–Alder-type reaction.[198]

All these approaches can only be improved by an in-depth
understanding of DNA and especially RNA folding.
Schwalbe and co-workers spearheaded studies in which
laser light sources were coupled to NMR spectrometers for
the detailed investigation of the structure and dynamics of
nucleic acids. They studied, for example, the Mg2+-depend-
ence of the hammerhead ribozyme�s activity and suggested
a method to improve the catalytic efficiency.[199] Reversible
conformational switching of RNA is especially important for
the action of riboswitches—regulatory RNA elements which
can control translation and which are perhaps the most
beautiful and sophisticated application of RNA folding. Also
here, conformational equilibria, for example, of bistable
RNAs are important and could be investigated with light-
triggered time-resolved NMR spectroscopy by Schwalbe,
Pitsch, and co-workers.[200, 201] For further details we refer to
two excellent review articles.[202, 203]

The transition between different functional states is an
important field of investigation in DNA-based nanotechnol-
ogy.[204] Often the developed “walkers” and motors are driven
by a manual change in the environmental conditions or by the
addition of control oligonucleotides. Since such a fuel source
is rather polluting, it is tempting to use light for the generation
of the driving non-equilibrium conditions. Although sophis-
ticated approaches have been realized with reversibly photo-
switchable oligonucleotides in recent years (see Section 3.4),
there are very few studies on caged oligonucleotides. For
example, Lukeman and co-workers used an approach in
which control oligonucleotides were sequestered on a surface
by dense immobilization through a 5’-photocleavable linker
and by the formation of an intramolecular hairpin.[205] Photo-
lytically different control strands were liberated from the
surface and operated a model machine in a cyclic fashion. In
our own contribution we used caged sticky ends to trigger the
interaction of DNA minicircles with light.[206]

3. Reversible Photoswitching

Photoswitches have found broad application, especially at
the boundary between life and material sciences,[207, 208] and
a full coverage is beyond the scope of this Review. Topics such
as cellular delivery, regulation on surfaces, light-sensitive
polymers, and photoresponsive catalysts as well as also the
huge body of literature on overcrowded alkenes (which to the
best of our knowledge have not been applied in a biological
context) will not be considered here.

3.1. Concepts

The light-induced reversible change of color was already
observed in the second half of the 19th century.[209] Hirshberg
coined the term photochromism for this behavior in 1950.[210]

However, it is only in the last 20 years that bistable, photo-
switchable compounds have become more and more popular

tools for addressing biological questions. There are different
classes of organic photochromic systems—mainly undergoing
isomerization reactions of double bonds or unimolecular
pericyclic reactions (Scheme 2). They can be classified in

terms of the changes that happen upon irradiation. The
azobenzene, stilbene, spiropyran, and hemithioindigo (HTI)
systems introduce steric changes through switching, and
azobenzenes and spiropyrans are especially useful for rever-
sibly creating steric bulk. A change in the conformational
flexibility can be generated through switching the diary-
lethene (DET) and fulgide system. The photochemical
properties of these switches in organic solvents have been
studied extensively over the last 50 years. However, the
aqueous and partly reducing conditions realized in biological
systems can dramatically change these properties as well as
the stability of photoswitches. Therefore, in the following
section an overview is given of these systems and their
reported behavior in aqueous systems.

3.1.1. Azobenzene-Derived Photoswitches

The most often used class of photoswitches is by far based
on azobenzene, which undergoes a photochemically induced
cis/trans isomerization of the N=N bond. This results in
a change from the more stable and planar trans-azobenzene to
cis-azobenzene, in which the two parts of the molecule are
tilted by about 558.[5, 211, 212] This is accompanied by an increase
in the dipole moment from 0.5 D to around 3.1 D and
a decrease in the end-to-end distance by about 3.5 �.[213] The
isomerization from trans to cis is typically accomplished at
350 nm (p-p* transition), while cis to trans conversion can be

Scheme 2. Overview of bistable photoswitches based on azobenzene
(X = N), stilbene (X = C), hemithioindigo, spiropyran, diarylethene,
fulgide (Y = O), and fulgimide (Y = N; from top to bottom).
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achieved at 450 nm (n-p* transition) or thermally. As there is
a distinct overlap in the UV/Vis spectra of both isomers,
complete trans into cis conversion is not possible photo-
chemically, and irradiation generally produces photostation-
ary states composed typically of 80% cis at best. Conversely,
photoisomerization of cis to trans can only produce up to 95%
of the trans isomer.[212, 214] In contrast, thermal back-isomer-
ization can yield > 99.99% of the trans isomer.[215] At room
temperature, this thermal relaxation occurs within 3 to 4 days
for unmodified azobenzenes,[214] but depends strongly on
different parameters. As a dipolar character for the transition
state of the isomerization has been proposed,[216] increased
solvent polarity shortens the half-life time for thermal
relaxation.[217–219] A low pH value also accelerates the thermal
isomerization, as protonation of the azo bond lowers the
activation barrier.[220] Electron-donating and/or electron-
withdrawing groups in the para positions lead to a stabilization
of the transition state and, therefore, to an accelerated
relaxation through reducing the N�N double bond charac-
ter.[221] This was exploited by Woolley and co-workers to
maximize the extent of photoswitching by using thermal
relaxation for resetting the switch. The azobenzene deriva-
tives 7[219] and 8[222] exhibited half-lives of approximately
25 ms and 1 s, respectively (Figure 8). A red-shift of the

absorption bands for the trans into cis conversion with
a lmax value of around 480 nm for azobenzene 7 and 450 nm
for azobenzene 8 was also achieved, thus permitting the use of
less-harmful wavelengths with deeper cell penetration. As
a drawback, high irradiation intensity had to be employed—
which may damage cells or tissues—to preserve the concen-
tration of cis-azobenzene in significant amounts.

Stabilization of the cis state can be obtained through
substitution at the ortho or meta position. Asanuma and co-
workers reported a half-life for thermal relaxation of > 200 h
at 37 8C for a 2,2’-dimethyl-substituted azobenzene (see 23
Figure 14).[223] This stabilization is explained by steric hin-
drance induced by bulky ortho substituents, which results in

a distortion of inversion and/or rotation of the azo group
during cis–trans isomerization. It is also assumed that ortho
substituents induce a hydrophobic pocket around the azo
group which both stabilizes the cis structure and destabilizes
the polar transition state.[221,224] Meta substitution reduces the
mesomeric interaction of the substituent with the azo
group.[225] Thus, significantly differing half-lives for the
azobenzene-based w-amino acids 4,4’-APB ((aminophenyla-
zo)benzoyl) 9a (t1/2� 10 min)[226] and 3,3’-APB 9b (t1/2

� 42 h)[227] in DMSO were reported. Very recently, the
azobenzene derivative 10 with methoxy substituents in all
four ortho positions was introduced by Woolley and co-
workers.[228] This substitution pattern resulted in a thermally
stable cis isomer with a half-life of 2.4 days in aqueous
solution. Another interesting effect was a strong red-shift of
the n-p* band of the trans isomer, thus resulting in a separa-
tion of the n-p* bands of both isomers. This enabled trans-to-
cis photoswitching on application of blue light (530–560 nm)
and back-switching with 460 nm, thus avoiding UV light at all.
Unfortunately, a tendency towards reduction (glutathione)
was observed.

As azobenzenes can generally be prone to reduction by
thiols, their stability towards reduction by the tripeptide
glutathione (GSH),[229] which is responsible for the intra-
cellular redox potential, has been discussed. Moroder and co-
workers analyzed the reduction of an azobenzene-based w-
amino acid by GSH in more detail,[230] and proposed
a mechanism in which the thiol group of GSH attacks the
azo bond. Interestingly, this reductive attack occurs mainly at
the cis isomer, in which the azo double bond is less resonance-
stabilized through the nonplanar structure. Therefore, elec-
tron-donating substituents stabilize azobenzene towards
reduction by GSH.[222, 224] The presence of GSH was shown
to induce an acceleration in the thermal relaxation rate for
less-electron-rich azobenzenes.[230, 231] In this context, Woolley
and co-workers proved the feasibility of azobenzenes for
intracellular photocontrol in living organism by using an
azobenzene cross-linked fluorescent reporter peptide that
was injected into zebrafish embryos. Azobenzene switching
could be monitored directly by imaging switching-induced
changes of the fluorescence. They could carry out at least 30
photoswitching cycles with no loss of response, and the
observed change in the fluorescence remained constant for
about two days in vivo. Furthermore, no toxic side effects on
the embryo development were evident.[232]

The photochemically induced change in the end-to-end
distance is the driving force for functional changes in the
target biomolecule, and can be used in particular to control
the secondary structure and function of peptides and proteins.
Therefore, efforts have been undertaken to increase the end-
to-end distance without generating too many degrees of
freedom. One strategy to maximize the effect of isomer-
ization was introduced by Moroder and co-workers, who
enlarged the switch with acetylene units (compound 11 in
Figure 9).[233] Woolley and co-workers designed a water-
soluble switch with rigid phenylethynyl units at each side
(12) which resulted in an average change in the distance of
13 �.[234] Unfortunately, the photochemical trans to cis con-
version was severely low, probably because of electronic

Figure 8. Structures of azobenzene-based photoswitches with partly
red-shifted absorption properties for the trans isomer and/or increased
thermal stabilities of the cis isomer.
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interactions with the phenylethynyl units. Incorporating
biphenyl units to increase the end-to-end distance is a strategy
that was realized by Standaert and Park.[231] Their derivative
13, exhibited good photochemical properties and molecular
modeling studies revealed a distance change of 13 �. In
a recent study, Samanta and Woolley connected two azoben-
zene units through a biphenyl linkage, thereby increasing the
change in the end-to-end distance to a maximal 23 �.[235] As
irradiation produces cis/trans isomers as well as cis/cis
isomers, the conformational effects of these switches on
target molecules are harder to predict. However, the BPDPS
derivative 14b (Figure 9), with sulfonate groups in the ortho
position, yielded up to 80 % of the cis/cis isomer in the
photostationary state. As Hecht and co-workers have recently
demonstrated,[236] this is due to the ortho substituents inducing
an enlarged dihedral angle between the adjacent azobenzene
units. Coupling azobenzene units directly together at the para
position normally results in an extended electronic conjuga-
tion with a dramatically decreased photoreactivity of the
switches.[237] The introduction of a large dihedral angle leads
to an electronic decoupling of the two azobenzene moieties,
thereby improving the photochromic properties effectively
(Figure 9). A more comprehensive review about azobenzenes
as photoswitches for biomolecules was published recently by
Beharry and Woolley,[5] which we want to recommend.

Stilbenes exhibit some advantages over azobenzenes, such
as thermal stability of the cis isomer and stability towards
reductive conditions.[238] However, the need for UV light for
the trans!cis (300 nm) as well as for the cis!trans (280 nm)
conversion has to be considered as the main drawback in the
use of stilbenes for biological applications.

3.1.2. Other Photoswitches

The class of hemithioindigo (HTI) based photoswitches
promises to be an interesting alternative to azobenzenes.
Isomerization of the thermodynamically favored Z isomer to
the E isomer by irradiation at 400 nm occurs in yields of
around 80 %. Both isomers have a planar and unstrained
structure.[239] Thus, the E isomer exhibits generally higher
thermal stability than the cis azobenzene. Reisomerization to
the Z isomer is possible at wavelengths of around 480 nm. The
Z/E absorption bands are more separated compared to
azobenzenes, and higher photochemical stability than azo-
benzenes or fulgides was observed in organic solvents.[240,241]

HTI-based w-amino acids with fast isomerization times
(< 10 ps) have been introduced.[242–244] So far, the lability of
HTIs towards typical conditions for solid-phase peptide
synthesis has limited their application as conformational
switches for peptides.[239, 245–247]

Spiropyran-type switches, as well as azobenzenes, are
mostly used in biological applications. Although the photo-
chemical behavior of spiropyran-type switches is more
difficult to predict and more environment-dependent than
azobenzenes, the changes in their geometry and polarity
through photoswitching are more pronounced. Conjugation
to biomolecules is commonly achieved through the N atom of
the indole moiety of a spiropyran, but ligation can also be
realized at other sites of the spiropyran scaffold, which allows
control over the orientation of the switch in the bioconju-
gate.[248] UV irradiation of a spiropyran leads through ring
opening of the bulky colorless spiro (SP) state to the planar
and colorful merocyanine (MC) state. The large steric change
is accompanied by an increase in polarization from 2–5 D for
the SP state to 20 D for the open merocyanine.[249, 250] The SP
form exhibits a chiral center at the spiro carbon atom, thereby
resulting in several possible stable isomers for the open MC
state through cis/trans isomerization about the central double
bond. Also, the zwitterionic open form is accompanied by
a quionoid uncharged resonance structure, which is presumed
to be predominant in hydrophobic environments (Scheme 3).

Ring closure proceeds thermally at relatively slow rates,
depending on the solvent, or highly accelerated through
irradiation with visible light (around 550 nm). The well-
separated absorption bands of SP and MC state enables clean
switching between the two isomers to be performed. Typically,
the thermodynamically stable form is the closed SP state, but

Figure 9. Azobenzene-based photoswitches with increased end-to-end
distances.

Scheme 3. Isomerization of spiropyran and mesomeric structures of
the merocyanine state.

Biochemical Photoswitches
Angewandte

Chemie

8461Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


polar substituents such as carboxy, nitro, or sulfonate moieties
and a polar environment—especially aqueous solvents—can
stabilize the MC state to such an extent that it becomes the
thermodynamically favored state in the dark (negative
photochromism).[209, 251,252] Some other aspects have to be
considered when using spiropyrans in aqueous conditions:
The quantum yield for the SP-to-MC transition decreases
with the polarity of the solvent,[253] but the direct environment
in biological systems also strongly influences the switching
efficiency. Quantum yields that are comparable to values
measured in hydrophobic solvents have been reported for
switches immobilized on a protein surface.[254, 255] However,
KoÅer et al. reported a reduced switching efficiency of
a spiropyran incorporated in a channel protein.[256] Tethering
nitrospirobenzopyran to an oligonucleotide—either through
a short linker to the 5’ end[257] or internally to a 2’-OH[258]

group (see 28 Figure 14)—resulted in a loss of photoactivity
for transforming the SP state into the MC state. In contrast,
Andr�asson and co-workers observed not only photoreactiv-
ity but also intercalation of the MC form into a DNA double
helix after UV irradiation, when incubating calf-thymus DNA
with nitrospirobenzopyran.[259] Thus, the photochemical
behavior is sometimes hard to predict for spiropyrans. The
hydrolytic stability of spiropyrans is also considered an
obstacle for biological applications, as rapid decomposition
of spiropyrans in aqueous buffer at 60 8C[260] and in basic
conditions[257,258] was observed. This hydrolytic degradation
occurs mainly at the open merocyanine state through a retro-
aldol reaction. However, other studies suggest the rate is
again environment-dependent, with the reversible switching
of spiropyrans repeated more than 10 times without signifi-
cant degradation both in vitro[254] and in vivo.[261] A recent
study by Giordani and co-workers[262] concerning the toxicol-
ogy of spiropyrans showed that micromolar concentrations of
spiropyrans induce only slight cytotoxic effects in various cell
lines. The hydrophobic SP form, in contrast to the polar MC
form, was also observed to be cell-membrane permea-
ble.[263, 264] Marriott and co-workers reported the possibility
to efficiently switch the SP state of nitrospirobenzopyrans to
the MC state in aqueous conditions upon two-photon
excitation at 720 nm.[265, 266] This is in contrast to azobenzenes,
which have only small two-photon cross-sections, thus offer-
ing the opportunity to use spiropyran-based switches within
tissue samples and animals.

Diarylethenes and fulgides/fulgimides are hexatriene
derivatives that undergo photoinduced reversible electro-
cyclic ring closure and ring opening.[267, 268] Both classes
feature negligible thermal relaxation and diarylethenes, in
particular, exhibit high fatigue resistance. Only recently,
diarylethenes and fulgimides have become more and more
interesting for biological applications—particularly diaryle-
thenes for high-resolution microscopy. The two isomers of
diarylethenes possess very different absorption spectra that
allow switching rates of generally over 90% conversion from
the colorless and flexible open form to the delocalized and,
therefore, deeply colored and rigid closed form.[269] The
cyclization and/or cycloreversion of some diarylethenes can
also be induced electrochemically,[270] and the synthetically
straightforward spectral tunability with different substituents

allows the wavelength for cycloreversion to be shifted from
around 500 nm to over 700 nm.[271]

Recent studies show that the excellent fatigue resistance
and high thermal stability of diarylethenes are also main-
tained in aqueous environments.[272,273] However, the low
water solubility can be a limiting factor. Therefore, diary-
lethenes have been decorated with amphiphilic side
chains,[274, 275] but this results in self-association of these
molecules in aqueous solutions. Recently, Hell and co-work-
ers introduced water-soluble diarylethene 15, which shows
a good switching performance in water and has the possibility
to conjugate to other molecules of interest through a secon-
dary amino function (Figure 10).[276]

The colorless isomer of a fulgide in the E conformation
undergoes cyclization upon UV irradiation to give the colored
closed form, which possesses an extended p system and is
almost planar.[268, 277] E-Z isomerization of the double bond
can also occur during UV irradiation. A drawback of fulgides
is that ring closure can only proceed from the E isomer.
Complete reopening can be achieved through irradiation with
visible light around 500 nm and proceeds, similar to the ring
closure, on a ps time scale, although quantum yields are
decreased in polar solvents.[278–280] Fulgides hydrolyze in
aqueous environments because of their anhydride structure;
therefore, hydrolysis-resistant fulgimides are used for biolog-
ical applications. Their succinimide moiety also allows facile
functionalization of the photoswitch. However, only a few
studies concerning the properties of fulgimides in aqueous
environment have been reported. In an early study, Willner
et al. attached a fulgimide derivative to concanavalin A,
which was stable in aqueous solution for 48 h at 25 8C and
could be cycled back and forth twice.[281] In 2004, Rentzepis
and co-workers demonstrated that an indolylfulgimide deriv-
ative that also exhibited fluorescence in its open state was
able to enter cells by diffusion.[278] Switching back and forth
could be repeated at least seven times in vivo. Only recently,
more studies have been undertaken by the research group of
Lees to optimize fulgimides for aqueous systems.[280,282] For
example, fulgimide 16 exhibited excellent thermal stability in
buffer with approximately 3% degradation for the open and
about 20 % degradation for the closed form after 500 h at

Figure 10. Water-soluble diarylethene- and fulgimide-based photo-
switches.
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37 8C. Photochemical-induced cyclization of compound 16
produced up to 87 % of the closed isomer, and switching could
be performed around 80 times before degrading by 20 %.
Although not yet widely used, these examples show that
fulgimides bear the potential for applications in a biological
context.

3.2. Photoswitchable Small Molecules

Molecules for the reversible regulation of enzyme activity
by light have been developed, as they promise a sophisticated
level of selective control in organisms. Kuhn and co-workers
realized the similarity of a hemithioindigo to some inhibitors
of 12/15-lipoxygenases (LOXs). The inhibitory potency of the
E isomer for rabbit 12/15-LOX proved to be more than 33-
fold higher than that for the Z isomer, but the high IC50 value
of the E derivative (0.021 mm) limited its use as a LOX
inhibitor.[283] Dlac-acetogenin, an inhibitor against complex I
in the respiratory chain of mitochondria, was modified with
azobenzenes (17, Figure 11).[284] Reversible changes in
enzyme activity were observed, but complete recovery of
activity was not possible because of incomplete cis to trans
photoisomerization. Reversible photoswitching of a surface-
attached azobenzene decorated with a phenylalanine-based
trifluoromethylketone inhibitor resulted in light-regulated
binding of a-chymotrypsin to a surface.[285] Fischer and co-
workers showed that the influence of irradiation on the
inhibitory efficacy of the azobenzene-modified immunosup-
pressant cyclosporine A could be optimized by augmenting
the structural differences between the photoswitchable con-
formers by applying the “protein-borrowing” strategy.[286,287]

The human carboanhydrase I (hCAI) inhibitor benzenesul-
fonamide and a copper(II)–iminodiacetate (IDA) complex,
which binds to histidine residues close to the active side of the
enzyme, were connected over a DET switch (18).[273] Switch-
ing from the closed to the open form with visible light
reproducibly reduced the IC50 value by about 55-fold to 8 nm

in vitro. In another study by Branda and co-workers, DET
derivative 19 was taken up orally by C. elegans and retained
its photoactivity inside the nematode for at least three cycles.
As a consequence of the lower reduction potential of the
closed form and its probable interruption of the metabolic
electronic pathways, the closed form induced paralysis of the
nematodes, while switching to the open form restored the
mobility of the organisms.[288]

The regulation of cell signaling has also been addressed
with azobenzenes by Trauner and co-workers.[289, 290] They
designed a whole class of nontethered photochromic ligands
(PCLs) to regulate the action potentials of ionotropic
glutamate receptors and voltage-gated K+ channels. Light-
dependent neuronal firing of iGluR5 and iGluR6 receptors in
HEK 293 cells was achieved by using an azobenzene-sub-
stituted glutamate agonist.[291] The class of membrane-per-
meable azobenzenes connected to a quaternary ammonium
group, which mimics the derivative QX-314 from the
analgesic lidocaine, functions as photochromic open channel
blockers by binding to the internal tetraethylammonium
(TEA) binding site of the channel (see Figure 11). They can
block either in the trans (AAQ,[292] BzAQ,[293] DENAQ[294]) or
in the cis state (PrAQ,[293] PhENAQ[294]). Photochemical
control of K+ channels in HEK 293 cells, Purkinje neurons,
and heart central pattern generator interneurons (HN cells),
which regulate the frequency of heart contractions, was
demonstrated.[293]

The function of oligonucleotides depends strongly on
their secondary structure. Therefore, photoswitches have
been utilized for DNA and RNA binding as well as structure
modulation. Baigl and co-workers designed a class of
azobenzene-based cationic surfactants as sequence-independ-
ent condensing agents for DNA[295, 296] which induced DNA
compaction in the trans state and DNA unfolding in the cis
state. Regulation of the transcription and translation of GFP
with these molecules was shown in vitro.[297] Mismatch bind-
ing ligands consisting of two base-recognition elements based
on naphthyridines and optionally azaquinolones connected

Figure 11. Photoswitchable inhibitors and regulators.
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through an azobenzene were used as a reversible molecular
glue for DNA hybridization by Nakatani and co-workers
(Figure 12). In the cis form, hybridization was caused by
ligand binding to GG or GA mismatches. Switching to trans
azobenzene led to a change in the orientation of the base-
pairing moieties, thereby resulting in dehybridization.[298–300]

With the long-term objective to design reversible, light-
switchable gene elements, the selection of short oligonucle-
otides—so-called aptamers[169]—against one isomer of a pho-
toswitch has been attempted by using the SELEX[169]

approach. Aptamers against nitrospirobenzopyran,[301] an
arginine-substituted azobenzene derivative,[302, 303] and dihy-
dropyrene[304] have been described, but the KD values
obtained still lie within the lower mm range. In the last case,
the selected aptamer was also connected to a hammerhead
motif to create a reversible light-regulated ribozyme.

3.3. Photoswitchable Peptides and Proteins

Photoswitches, mostly azobenzenes, have been used
extensively to analyze the folding and unfolding of peptide
conformations by CD-, NMR-, and time-resolved optical
spectroscopy as well as MD simulations.[5, 305–307] Since 2006,
new studies have been published on the control of b-hairpin
structures. Moroder and co-workers analyzed the b-hairpin
folding of the tryptophan zipper motif with azobenzene 20
acting as a b I’-turn mimetic in the cis form (Figure 13).[308–310]

Hilvert and co-workers also used this azobenzene linker to
efficiently regulate the hairpin folding of the 36 mer avian
pancreatic polypeptide.[311] Photocontrolled triple-helix fold-
ing and unfolding was archived by Moroder and co-workers
by cross-linking thiol functions of a collagen peptide with the
rigid azobenzene clamp 11.[233, 312]

R�ck-Braun, Beyermann, and co-workers developed an
azobenzene-containing cyclic peptide that mimics the b-finger

motif in neural NO synthase (see Figure 13). This motif is
crucial for the interaction with the PDZ domain of a-1-
syntrophin. While trans-21 showed no affinity for the PDZ
domain, isomerization to the cis isomer yielded a remarkable
affinity of the peptide for syntrophin (KD = 10.6 mm).[313] Thus,
cis-21 led to an inhibition of the NO synthase/synthropin
interaction, thereby resulting in light-controlled muscle fiber
contraction because of a reduced release of NO from skeletal
muscle cells; this effect was also nicely demonstrated
in vivo.[314]

In 2009, Woolley and co-workers demonstrated that
screening a protein crystal structure for suitable mutagenesis
and cross-linking sites at the FynSH3 domain can be an
effective method for the modulation of larger peptides or
even globular proteins with an azobenzene photoswitch.[315]

Engineering cross-linking sites into voltage-gated ion chan-
nels or ionotropic glutamate receptors was also widely used
by the research group of Trauner to very impressively
photoregulate receptor functions by agonists that were
covalently tethered through an azobenzene moiety. For this
topic we refer to a review recently published by this research
group.[316] Pingoud and co-workers generated photoswitch-
able variants of the restriction enzymes scPvuII[317] and
SsoII.[318] An up to 16-fold increase in DNA cleavage activity
could be achieved for PvuII upon irradiation by introducing
maleimidoazobenzene derivatives close to the active site.
Driessen, Feringa, and co-workers showed reversible photo-
control of protein translocation by cross-linking the lateral
gate of channel protein SecYEG with an azobenzene
linker.[319]

3.4. Photoswitchable Oligonucleotides and Nucleic Acids

In most cases azobenzenes have been applied for the
reversible photoregulation of oligonucleotides. The system of
Asanuma, Komiyama, and co-workers, with d-threoninol
used as a scaffold to tether azobenzene to DNA[320] and
RNA[321] (22, Figure 14), has found broad application, for
example, for the photoregulation of transcription[322, 323] or
DNA ligation.[324] Its building block for the solid-phase
synthesis of oligonucleotides is already commercially avail-
able. This approach is based on the additional insertion of
residue 22 between the bases, with all the other residues
maintained. While trans-azobenzene stabilizes a DNA duplex
through stacking interactions,[325] isomerization to the cis state
results in duplex destabilization, as indicated by a decreased
melting temperature of the duplex. Multiple residues have to
be inserted (i.e. nine residues for a 20 mer oligonucleotide)
for an efficient photoregulated dissociation of a duplex.[326]

Asanuma et al. also emphasized the importance of temper-
ature for UV isomerization, because of the moderate photo-
isomerization rates of the inserted switches. Operation
temperatures between the melting temperatures of the
duplex in the trans and in the cis forms optimize the
efficiency.[327] Another strategy to improve the photoisome-
rization efficiency was demonstrated by Tan and co-workers.
Adding silver nanoparticles enhanced the closed to open
conversion of their DNA nanomotor[328] containing residue 22

Figure 12. Photoswitching of DNA hybridization with azobenzene-
based molecular glue NCDA (n =2,3,4).[298–300]

Figure 13. An azobenzene-based amino acid used for the analysis of b-
hairpin folding and a PDZ domain mimicking cyclic peptide for
photoregulation of the NO synthase/syntrophin interaction.
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from around 20 % to up to 85 %.[329] By using a 2’,6’-
dimethylazobenzene residue (23) instead of the unmodified
azobenzene, Asanuma and co-workers could increase the
half-life time of the cis form by about 10-fold (see Section 3.1)
and also the DTm value threefold.[223]

Attempts to use other photoswitchable systems for the
reversible regulation of duplex hybridization have also been
undertaken. Ogasawara and Maeda introduced photoswitch-
able deoxyguanosine derivatives modified at C8 with aryl-
vinyl substituents (24–26, Figure 14). This approach does not
require additional residues to be inserted into the oligonu-
cleotide. Enlargement of the aromatic substituent resulted in
favored, red-shifted wavelengths for the trans/cis isomeriza-
tion. However, the styryl-substituted derivative 24 already
slightly destabilized a duplex in the trans state.[330] Singer and
J�scke synthesized the diarylethene-functionalized 7-deazaa-
denosine derivative 27, but have not yet integrated this system
in DNA.[331] Beyer and Wagenknecht introduced a spiropyran
into DNA by a click reaction (28, Figure 14), but unfortu-
nately it was no longer photoactive.[258]

Stafforst and Hilvert introduced azobenzene-modified
peptide nucleic acids (PNAs) for the manipulation of PNA/
DNA hybridization. They nicely demonstrated photocontrol-
led inhibition of DNA transcription by using triplex-forming
PNAs.[332] Two interesting new approaches to reversibly
photoregulate RNA cleavage have been published.
Komiyama, Kuzuya, and Tanaka demonstrated the regulation
of acridine-assisted RNA scission through Lu3+ ions by
incorporating an acridine and an adjacent azobenzene residue
in a DNA counterstrand.[333] Site-selective RNA activation by
acridine was reduced through stacking interactions when the
azobenzene residue was in the trans state, whereas switching
to the cis isomer stopped the acridine from stacking. They
estimated a 14.5 times higher intrinsic activity for the cis
isomer. Complete on-off photoswitching of RNA cleavage
was achieved with a different design by Asanuma and co-
workers.[334] They attached complementary azobenzene-con-
taining sequences to both ends of a DNAzyme. After
hybridization, these strands formed an interstrand-wedged
duplex, thereby masking the cleavage site of the DNAzyme.

Dissociation of the duplex was induced by a trans to cis
isomerization of the azobenzene residues and restored the
DNAzyme activity.

Ogasawara and Maeda could efficiently control mRNA
translation of GFP by using a photoresponsive 8-naphthyl-
vinyl-guanosine 5’ cap.[335] In the trans form, this cap com-
pletely inhibited translation because of steric hindrance
between the substituted residue and the active center of
eukaryotic initiation factor 4E. Producing the cis form with
light of 410 nm resulted in GFP translation with the same
efficiency as achieved with the normal 5’ cap.

Photoresponsive oligonucleotides have also been used to
control G-quadruplex structures and hence applied to the
regulation of a thrombin-binding DNA aptamer (see also
Section 2.4.2). This aptamer forms a G-quadruplex in the
active state and inhibits thrombin-mediated coagulation
through binding to exosite 1. Tan and co-workers attached
azobenzene-modified complementary DNA to the aptamer
sequence through a polyethylene glycol linker.[336] When the
azobenzene residues were in the trans state the complemen-
tary domain hybridized to the aptamer sequence, thereby
resulting in a disruption of the G-quadruplex structure and
aptamer function. Switching to cis-azobenzene restored the
aptamer structure and prevented blood clotting. By substitut-
ing a dG in the quadruplex structure by 8-fluorenylvinyl-2’-
deoxyguanosine 26, Ogasawara and Maeda could also dem-
onstrate reversible photoregulation of the aptamer–thrombin
interaction.[337]

In an interesting approach, Ito and co-workers applied the
photoresponsive adenosine triphosphate 29 instead of natural
ATP to an in vitro selection of an RNA aptamer for hemin.[338]

They could isolate a hemin-binding aptamer sequence, thus
demonstrating that compound 29 is a suitable substrate for T7
RNA polymerase, and the resulting RNA serves as a template
for reverse transcription. However, only modest photores-
ponsive binding behavior was observed, probably because of
incomplete trans to cis isomerization.

DNA as a self-assembling material has also become more
and more interesting for the development of smart nano-
structures and nanodevices. An external trigger, such as DNA

Figure 14. Reversibly photoswitchable nucleotide replacement systems for the photoregulation of oligonucleotide hybridization.
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control strands or ATP hydrolysis, is generally required to
induce structural changes or three-dimensional movements in
these structures, but this has the shortcoming of producing
waste. To overcome this, and because of their precise
temporal and spatial controllability, photoresponsive oligo-
nucleotides have also been applied for this purpose. Tanaka
et al. synthesized light-controllable DNA capsules by insert-
ing azobenzenes into the sticky ends of three-point-star
motifs. These capsules were stabilized through stacking
interactions of the azobenzenes; however, breakdown of the
structure could be readily achieved through photoisomeriza-
tion.[339] Tan and co-workers reversibly controlled the exten-
sion and contraction of a tetrahedral DNA structure by
photoregulated binding of an azobenzene-modified single
strand to an internal hairpin structure in the tetrahedron.[340]

It was also demonstrated by this research group that the
photoregulated hybridization of complementary azobenzene-
modified DNA oligonucleotides can be used to modulate the
orientation and proximity of enzymatic assemblies. This was
shown exemplarily for the glucose oxidase/horseradish per-
oxidase (HRP) multienzyme system and for the concatena-
tion of glucose oxidase with the HRP-DNAzyme.[341]

A further step towards the development of more sophis-
ticated photoswitchable nanodevices was very recently ach-
ieved by Asanuma and co-workers.[342] They combined two
differently substituted azobenzene residues in a DNA nano-
machine to produce repetitive seesaw-like motions upon
irradiation with light of different wavelengths (Figure 15).
This is, to the best of our knowledge, also the first example of
the wavelength-selective activation of different azobenzene
switches in one sample.

4. Optogenetics

Optogenetics is the collective term that describes tech-
niques developed in recent years that aim to control cellular
activity, particularly in neurons, by using light (“opto”) and
genetically encoded photosensitive actuator proteins (“genet-

ics”, Figure 16). This contrasts with the approaches discussed
in Sections 2 and 3, where chemical synthesis was necessary.
However, this delineation has been softened by approaches
called optochemical genetics, which are basically a combina-
tion of both worlds. Further discussion on this theme can be
found in very recent review articles.[316,343] As a consequence
of its totally different approach, optogenetics offers signifi-
cantly different scopes. For example, in live animals, opto-
genetics permit assessing the roles of single neurons or
neuronal ensembles in the control of a behavior or aspects
thereof. The ability to genetically encode the light-sensitive
proteins furthermore allows only the cells of interest, even
single neurons, embedded within a dense network of other
cells or neurons to be specifically addressed. Even if genetic
techniques do not allow the optogenetic protein to be
expressed in only the cell of interest, technical advances
allow illumination of this cell or cell type to be restricted or to
be delivered deep within tissue by microfabricated light
fibers. It should be mentioned that the imaging of cellular
activity by using genetically encoded photosensors is also
often summarized under the concept of optogenetics; how-
ever, imaging will not be part of this Review and the reader is
referred to numerous excellent reviews on this topic.[344–346]

The basic idea of optogenetics was adopted by several
researchers, and several approaches to the problem were
taken.[343, 347,348] The most prominent and, because of their
simplicity, most applied tools for the control of membrane
potentials are natural photosensor proteins of the rhodopsin
family. Channelrhodopsin-2 (ChR2), a blue-light-gated cation
channel,[349] and halorhodopsin, a yellow-light-driven Cl�

pump,[350] are used, in particular, to achieve photo-depolari-
zation and photo-hyperpolarization, respectively (Figure 17).
Since the first demonstrations that channelrhodopsins are
directly light-gated ion channels in 2002 and 2003,[349, 351] initial
proof-of-principle technical reports appeared in 2005 that
demonstrated the utility of ChR2 to depolarize neurons in
culture,[352] as well as in live animals,[353, 354] where this could
even elicit specific behavior.[355] These tools are now being
widely applied, particularly in the neurosciences, and have
been further modified (see below). A number of studies have
introduced additional optogenetic tools to affect membrane
potential, protein–protein interactions, and intracellular sig-
naling.[356–363] As mentioned before, a complementary

Figure 15. Seesaw-like motion of a photon-fueled DNA nanodevice
could be achieved by incorporating two different azobenzene moieties.
Whereas trans-2,6-dimethyl-4-(methylthio)azobenzene-4’-carboxylic acid
photoisomerizes with visible light, unsubstituted trans-azobenzene-4’-
carboxylic acid requires irradiation with UV light. Complete dissocia-
tion and rehybridization was realized with light of 370 nm and
450 nm.[342]

Figure 16. Principle of optogenetics: Heterologous cells, particularly
neurons, which normally do not respond to light (left), are rendered
light-sensitive (“opto”) by targeted expression of a photosensitive
protein of heterologous origin (“genetics”; right). In this case, a light-
activated cation channel mediates depolarization of the neuron,
thereby causing action potential firing and, consequently, transmitter
release.
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approach in “optochemical genetics” is to use chemical
biology to attach light-switchable ligands to genetically
modified ion channels so as to achieve optical control—
these have been elegantly reviewed in recent publica-
tions[316, 343] and will not be covered here. In essence, opto-
genetics aims at no lesser a goal than to understand the role of
neurons within circuits by influencing behavior or higher
brain functions, by stimulating or inhibiting defined neurons
or neuronal populations with light, and is essentially non-
invasive and on a neuronal timescale. In addition, the imaging
of neuronal activity using genetically encoded sensors allows
the activity of many neurons to be monitored in parallel and
can, to some extent, be combined with optical methods to
stimulate or inhibit cellular activity. Thus, in the past few
years, optogenetics has revolutionized research in the neuro-
sciences (i.e. on synaptic transmission, neural circuits, whole
nervous systems, and behavior) and in more-general cell
biology. Publications involving the use of optogenetic tech-
niques are skyrocketing (> 300 at the time of writing this
review), we thus cannot claim to comprehensively describe
the field and apologize to any colleagues whose work we may
not have been able to mention here.

4.1. Methods To Stimulate or Inhibit Neurons by Altering the
Membrane Potential Using Genetically Encoded Sensors of
Heterologous Origin

4.1.1. Drosophila Photoreceptor Cascade and Uncaging of
Ligands for Orthogonal Receptors

In 2002, Miesenbçck and co-workers presented a study
that may be considered the birth of optogenetics as we
understand it today.[364] They “transplanted” the photorecep-
tor cascade of the Drosophila eye into vertebrate neurons.
Their first trials involved transferring 10 different genes, but
later they could reduce the requirement to co-expressing
arrestin, rhodopsin, and the cognate a subunit of the hetero-
trimeric Gq protein (“chARGe”) to stimulate the cells. In
vertebrate neurons, this system responds to white light,
activating the rhodopsin, which would then recruit the

Drosophila Gaq protein together with the vertebrate G b

and g subunits. The activated G proteins apparently coupled
to phospholipase C, thereby generating inositol-1,4,5-tri-
sphosphate (IP3) and diacylglycerol (DAG) as secondary
messengers, which induced membrane currents (depolarizing
the cell) and elevated intracellular Ca2+ levels, thus triggering
synaptic transmitter release. This was a seminal study, which
demonstrated the concept of optogenetics for the first time.
However, this system was not widely applied, as it was
comparatively slow, inducing neuronal spiking only after
several seconds. Furthermore, neuronal activity stopped only
slowly in the dark. To overcome these shortcomings, but still
use light as a fast trigger for neurons and also to maintain the
genetic encodability, Miesenbçck and co-workers expressed
ligand-gated ion channels foreign to the host organism
(vertebrate neurons and fruit flies). They used purinergic
P2X2 receptors or transient receptor potential vanilloid
(TRPV) channels, and then photo-uncaged the ligands of
these channels (ATP or capsaicin, respectively). In this way,
rapid spiking and even behavioral changes could be
invoked.[362, 363] However, the need to introduce caged ligands
into live animals somewhat limits the applications of these
tools.

4.1.2. Microbial Rhodopsins

In 2002 and in 2003, Nagel, Hegemann, Bamberg et al.
demonstrated that microbial rhodopsins from Chlamydomo-
nas reinhardtii, well known for their involvement in the
phototaxis of these green algae, were acting directly as light-
gated cation channels.[349, 351] Thus, the two proteins were
renamed channelrhodopsins (ChRs); ChR1 was shown to be
more permeable to protons, and ChR2 also showed a clear
conductivity for Na+ and to some extent Ca2+, both being
maximally activated by blue light (ChR1� 500 nm; ChR2
� 470 nm). While these findings first met a lot of skepticism,
it was soon recognized how remarkable they actually were, as
they opened up the whole field of optogenetics in a widely
applicable and experimentally very straightforward way.
Particularly ChR2, which functioned as a light-gated channel
even when truncated after amino acid 315, expressed well in
heterologous cells. Nagel et al. could show that “foreign”
systems, such as Xenopus oocytes and HEK293 cells, could be
photo-depolarized when expressing ChR2 (Figure 17).[349]

Furthermore, ChRs require only all-trans-retinal as a cofactor,
which later proved to be present in mammalian tissue in
sufficient amounts, or could be easily added to the culture
media for cells or even whole animals (nematodes, fly larvae).
So in 2003 Nagel et al. proposed that “… expression of ChR2
in oocytes or mammalian cells may be used as a powerful tool
to increase cytoplasmic Ca2+ concentration or to depolarize the
cell membrane, simply by illumination.”[349]

Channelrhodopsin-2 was recognized by several research-
ers in the neurosciences as a potentially highly useful tool to
photostimulate neurons, and the first successful examples of
applications in neurons were reported in 2005: Boyden and
Deisseroth published a study in the summer of 2005[352] in
which they reported the photo-depolarization of rodent
neurons in culture and in brain slices, which caused the cells

Figure 17. Channelrhodopsin (ChR2) and halorhodopsin (NpHR) are
microbial rhodopsins that are widely used to achieve exogenous,
multimodal control of neuronal activity. Channelrhodopsin, a cation
channel that transduces mostly Na+ under physiological conditions,
can be used to induce photo-depolarization, by using blue light (left),
while halorhodopsin, a yellow-light-driven, inward-directed Cl� pump
mediates photo-hyperpolarization. Both proteins require all-trans reti-
nal as the chromophore.
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to spike. In December 2005, Hegemann, Landmesser, Herli-
tze, and co-workers showed the same effect, including
evoking muscular twitching responses, in hippocampal neu-
rons as well as chick spinal cords and even embryos,[353] while
Nagel, Bamberg, Gottschalk et al. demonstrated the photo-
control of muscles, neurons, and behavior in the nematode
C. elegans, mediated by ChR2, also in December 2005.[355] In
2006, Yawo and co-workers showed that ChR2 photoactiva-
tion can depolarize neurons in live mice,[354] while Pan and co-
workers demonstrated the expression of ChR2 in inner retinal
neurons (bipolar cells and retinal ganglion cells) in a mouse
model of Retinitis pigmentosa.[365] These animals were blind
due to photoreceptor degeneration; however, in these
animals, signals generated by the application of light to the
retina were indeed transmitted to the visual cortex, thus
indicating that some optical signaling could be restored. Also
in 2006, a first application in Drosophila larvae showed the
feasibility of ChR2 to induce certain behaviors,[366] and in
2008, a publication by Engert and co-workers demonstrated
ChR2-induced behavioral changes in zebrafish.[367]

More prominent applications of ChR2 in the rodent brain
followed. In 2007, a transgenic mouse expressing ChR2 in
different neuronal populations, and the first stimulation of
(olfactory) neurons in a live mouse was reported by Feng and
co-workers.[368] The Svoboda research group used ChR2 to
stimulate neurons in mouse brain slices to functionally map
long-range connections,[369] and Oertner demonstrated optical
induction of synaptic plasticity.[370] In addition, the stimulation
of neurons in the primary motor cortex was reported, where
thin fibers were utilized to guide light into the skull of an
animal—with spectacular effects: By some (poorly under-
stood) mechanism, photoactivation of cells in the right
hemisphere of the motor cortex immediately caused mice to
circle clockwise, while illuminating the left hemisphere
resulted in counterclockwise rotations—until the light stim-
ulus was ended.[371]

In 2007, another milestone in optogenetics was reported:
Two studies, one by the Boyden research group,[372] the other
as a result of a joint effort by the Bamberg, Gottschalk, and
Deisseroth groups,[350] demonstrated the use of halorhodopsin
(NpHR) from Natronomonas pharaonis, a yellow light-driven
Cl� pump, to hyperpolarize neurons in culture and in brain
slices, as well as in live C. elegans and thus instantaneously
block neuron-provoked behaviors (Figure 17). Furthermore,
they showed that NpHR and ChR2 could be simultaneously,
but independently, used to hyper- or depolarize cells, thus
achieving bidirectional control. Halorhodopsin has since been
applied in several elegant studies, among them the generation
of a transgenic mouse that permanently expresses a traffick-
ing-enhanced version of halorhodopsin,[373] and also in the
retinae of Retinitis pigmentosa mice, where it could be used to
hyperpolarize the remaining photoreceptors, thus mimicking
the light response.[374] As an addition to the set of hyper-
polarizers, the Boyden research group established the use of
microbial outward-directed proton pumps, particularly arch-
aerhodopsin (“Arch”) from Halorubrum sodomense and the
proton pump from the fungus Leptosphaeria maculans
(“Mac”).[375] Lastly, optogenetic tools have also been gener-
ated for expression in primates, which function to activate or

inhibit neuronal spiking, although, however, no macroscopic
behavior could thus far be provoked in primates.[376, 377]

Many researchers have been attracted by the utility of
these optogenetic tools, and started applying them for various
purposes, not only for cellular activation, but also to study
synaptic plasticity[370] or chemical transmission at synap-
ses.[378,379] Through the use of microbial rhodopsins, it was
quickly recognized that these tools were not perfect, and that
additional tools would be useful. Thus, several researchers
have explored the diversity of nature to identify further
rhodopsins, for example, with different spectral response
properties, and achieve red-shifted excitation.[380, 381] In addi-
tion, ChR2 has been modified or mutated to yield proteins
with different kinetics,[382–385] ion conductance, for example, of
Ca2+,[386] or enhanced currents and/or expression.[387]

Recently, the functional fusion of two rhodopsins was
demonstrated, which allows highly controllable optical exci-
tation and inhibition to be achieved in the same cell, as the
relative expression levels of the de- and hyperpolarizing
actuators are fixed.[388] The recent crystal structure of
a chimera of ChR1 and ChR2 is likely to guide the develop-
ment of additional ChR variants with different ion conduc-
tances or specificities as well as spectroscopic or kinetic
properties.[389]

Many more technically driven studies were aimed at
different aspects of the practical use of rhodopsin-based
optogenetics: The application of light to neurons deep within
the rodent brain was realized by implanting thin light
fibers[371, 390] or more complex devices that allow the light to
be transported to several sites and depths within the brain.[391]

Excitation with red or infrared light would be desirable to
penetrate deeper into living tissue, and thus several studies
concerned the two-photon excitation of ChR2.[392, 393] Other
researchers worked out ways to illuminate distinct neurons in
freely moving transparent nematodes, to invoke (single) cell-
specific behavioral effects.[394, 395] Complex patterns of light
were also used in mammalian neurons to stimulate only parts
of a cell, or to recruit as many receptors as possible in the
small area of the cell body of a neuron.[392, 393, 396]

Lastly, the utility of rhodopsins as therapeutic tools or
tools for medical research are being explored. The first
attempts to realize a visual prosthesis in a model of Retinitis
pigmentosa, based on channelrhodopsin or halorhodopsin
have been presented.[365,374, 397] Optogenetic tools helped to
identify neurons that can be stimulated to alleviate Parkin-
son’s symptoms in a rodent model,[398] to re-instate breathing
in spinal cord injury,[399] and the optical pacing of cardiac
muscle tissue has also been demonstrated.[400]

4.2. Methods To Affect Intracellular Signaling/Secondary
Messenger Pathways

Initial success in optogenetics based on rhodopsins and
other light-sensitive proteins of heterologous origin sparked
an interest in harvesting additional proteins from nature to
affect cellular processes in heterologous cells. Secondary
messenger pathways are crucial for countless processes in
cellular biology, ranging from determining membrane poten-
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tials, ionic concentrations, cell motility to gene expression,
and cell growth or division, often in response to exogenous
signaling molecules. Thus, such pathways were targeted using
optogenetics. For example, G-protein-coupled receptors
(GPCRs) generally activate intracellular heterotrimeric
G proteins, which activate effector proteins to generate
small-molecule secondary messengers. As the natural photo-
sensor of the retina, rhodopsin acts as a GPCR. It was used to
drive secondary messenger pathways in cells other than
photoreceptors which respond to activation of the same Ga

(Gi/o) protein that rhodopsin couples to.[353] This concept was
later expanded by replacing the cytosolic domains of rhodop-
sin with the respective domains of other GPCRs that couple
to different G proteins, thereby generating so-called “opto-X-
Rs”.[358]

Another optogenetic approach uses light-activated
enzymes to directly produce a secondary messenger, namely
cyclic adenosine monophosphate (cAMP). This photoacti-
vated adenylyl cyclase (PAC) was used to trigger neuronal
responses in fruit flies and to enhance synaptic transmission in
C. elegans. In contrast to the strong photostimulation by
ChR2, it does not override intrinsic programs of the nervous
system, and thus provides an additional quality in optogenetic
control.[356,357] A more potent photostimulated adenylyl
cyclase has since been identified and used in mammalian
neurons.[401] A similar enzyme for the production of cGMP
has been generated by mutagenesis, but not as yet tested in
animal cells.[402]

Intracellular signaling in response to extracellular ligands
often involves triggered protein–protein interactions. Such
interactions have been rendered photosensitive, by masking
protein interaction domains with the LOV (light, oxygen,
voltage) photoswitchable protein domain. This small protein
domain contains a blue-light-sensing flavin chromophore,
which upon illumination induces a conformational change
that frees an a helix from the flavin binding domain. This
unfolding can be used to unmask a protein–protein inter-
action domain on a protein to which the LOV domain is fused
through the a helix. In this way, the small G proteins rac and
cdc42, both involved in modulating cellular motility and
cytoskeletal remodeling, have been addressed, thus allowing
control over cellular shape and motion.[359] This approach was
also used successfully to generate a light-triggered, one-
component, gene-expression system.[403] Other photosensi-
tive, genetically encoded systems that allow protein–protein
or protein–ligand interactions to be controlled in vivo have
also been developed.[360, 361]

5. Outlook

As we have demonstrated, there are three very distinct
types of strategies available for the regulation of (bio)molec-
ular processes with light, each with their own specific
advantages and disadvantages. Uncaging is at least concep-
tually easy to realize but inherently irreversible. However, if
the functional groups of a molecule which are responsible for
its activity are properly caged and if the uncaging process is
clean, excellent on/off ratios can be obtained. Photoswitching

is reversible, but finding just the right concept for the
introduction of the reversible photoswitch in such a way
that its photoisomerization dominates completely the activity
to be regulated can be very difficult. The ideal photoswitch
has probably not yet been found. Such an ideal photoswitch
would operate without fatigue in water and could be fully
switched to either one of the two photoisomers, which would
have large differences in polarity, conductivity, or hinge
properties. Despite the shortcomings in both areas, sophisti-
cated experiments have already been designed, which we
believe we have demonstrated. Clever combinations of
techniques have just been developed in recent years—
blurring the boundaries between these concepts—as we
pointed out, for example, in Sections 2.1.2 and 2.1.3, when
we discussed two-photon and wavelength-selective uncaging.
The optogenetics approach is entirely different from the other
two in so far as it relies not on chemical synthesis but instead
on endogenously expressible systems. Its advantages are that
optogenetic proteins can be addressed cell(-type) specifically,
and that they rarely interfere with other cellular processes.
However, optogenetic tools are generally not localized to
specific cellular compartments, and thus the invoked signaling
may be quite different from the equivalent signals mediated
by endogenous, localized ion channels. As optogenetics are
not restricted to ion channels or pumps and nature is
extremely rich in light-sensitive proteins, this resource is just
waiting to be harvested for novel optogenetic applications.
The boundaries between optogenetics and the other two
domains are also being blurred by approaches such as
optochemical genetics. It will be very intriguing to see how
many more bridging concepts will be developed in the future,
such as, for example, in a recent study by Moore and co-
workers, in which uncaging was realized “without light” deep
inside an organism by Cherenkov radiation of 2-deoxy-2-
[18F]fluoro-d-glucose.[404] The big challenge in all three
domains lies in their interdisciplinarity, as they rely on
interactions between theoretical predictions, optics and
spectroscopy, synthetic chemistry, biochemistry, biology, and
even medicine. Only through close collaboration can the
respective powers of each of these realms be harnessed. As
this is difficult, only too often a brilliant idea comes to
a standstill after the proof of principle study. It would be our
hope that this Review can contribute to such a story being
picked up again. We are convinced that there is a “bright
future” ahead of us, with ever more intricate and subtle tools
for studying (biological) processes.
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[16] L. Kammari, T. Šolomek, B. P. Ngoy, D. Heger, P. Kl�n, J. Am.

Chem. Soc. 2010, 132, 11431 – 11433.
[17] W. R. Zipfel, R. M. Williams, W. W. Webb, Nat. Biotechnol.

2003, 21, 1369 – 1377.
[18] C. N. LaFratta, J. T. Fourkas, T. Baldacchini, R. A. Farrer,

Angew. Chem. 2007, 119, 6352 – 6374; Angew. Chem. Int. Ed.
2007, 46, 6238 – 6258.

[19] M. Matsuzaki, G. C. R. Ellis-Davies, T. Nemoto, Y. Miyashita,
M. Iino, H. Kasai, Nat. Neurosci. 2001, 4, 1086 – 1092.

[20] G. C. R. Ellis-Davies, ACS Chem. Neurosci. 2011, 2, 185 – 197.
[21] D. Warther, S. Gug, A. Specht, F. Bolze, J.-F. Nicoud, A.

Mourot, M. Goeldner, Bioorg. Med. Chem. 2010, 18, 7753 –
7758.

[22] S. Kantevari, C. J. Hoang, J. Ogrodnik, M. Egger, E. Niggli,
G. C. R. Ellis-Davies, ChemBioChem 2006, 7, 174 – 180.

[23] A. Momotake, N. Lindegger, E. Niggli, R. J. Barsotti, G. C. R.
Ellis-Davies, Nat. Methods 2006, 3, 35 – 40.

[24] M. Matsuzaki, T. Hayama, H. Kasai, G. C. R. Ellis-Davies, Nat.
Chem. Biol. 2010, 6, 255 – 257.

[25] X. Tang, S. Maegawa, E. S. Weinberg, I. J. Dmochowski, J. Am.
Chem. Soc. 2007, 129, 11000 – 11001.

[26] O. D. Fedoryak, T. M. Dore, Org. Lett. 2002, 4, 3419 – 3422.
[27] M. Lu, O. D. Fedoryak, B. R. Moister, T. M. Dore, Org. Lett.

2003, 5, 2119 – 2122.
[28] Y. Zhu, C. M. Pavlos, J. P. Toscano, T. M. Dore, J. Am. Chem.

Soc. 2006, 128, 4267 – 4276.
[29] N. Gagey, P. Neveu, L. Jullien, Angew. Chem. 2007, 119, 2519 –

2521; Angew. Chem. Int. Ed. 2007, 46, 2467 – 2469.
[30] N. Gagey, P. Neveu, C. Benbrahim, B. Goetz, I. Aujard, J.-B.

Baudin, L. Jullien, J. Am. Chem. Soc. 2007, 129, 9986 – 9998.
[31] A. Specht, J.-S. Thomann, K. Alarcon, W. Wittayanan, D.

Ogden, T. Furuta, Y. Kurakawa, M. Goeldner, ChemBioChem
2006, 7, 1690 – 1695.

[32] S. Gug, S. Charon, A. Specht, K. Alarcon, D. Ogden, B. Zietz, J.
Leonard, S. Haacke, F. Bolze, J.-F. Nicoud, M. Goeldner,
ChemBioChem 2008, 9, 1303 – 1307.

[33] S. Gug, F. Bolze, A. Specht, C. Bourgogne, M. Goeldner, J.-F.
Nicoud, Angew. Chem. 2008, 120, 9667 – 9671; Angew. Chem.
Int. Ed. 2008, 47, 9525 – 9529.

[34] D. Warther, F. Bolze, J. Leonard, S. Gug, A. Specht, D. Puliti,
X.-H. Sun, P. Kessler, Y. Lutz, J.-L. Vonesch, B. Winsor, J.-F.
Nicoud, M. Goeldner, J. Am. Chem. Soc. 2010, 132, 2585 – 2590.

[35] L. Donato, A. Mourot, C. M. Davenport, C. Herbivo, D.
Warther, J. L�onard, F. Bolze, J.-F. Nicoud, R. H. Kramer, M.
Goeldner, A. Specht, Angew. Chem. 2012, 124, 1876 – 1879;
Angew. Chem. Int. Ed. 2012, 51, 1840 – 1843.

[36] N. Kotzur, B. Briand, M. Beyermann, V. Hagen, J. Am. Chem.
Soc. 2009, 131, 16927 – 16931.

[37] M. Goeldner, R. Givens, Dynamic Studies in Biology: Photo-
triggers, Photoswitches and Caged Biomolecules, Wiley-VCH,
Weinheim, 2005.

[38] J. Noguchi, A. Nagaoka, S. Watanabe, G. C. R. Ellis-Davies, K.
Kitamura, M. Kano, M. Matsuzaki, H. Kasai, J. Physiol. 2011,
589, 2447 – 2457.

[39] D. K. Sinha, P. Neveu, N. Gagey, I. Aujard, C. Benbrahim-
Bouzidi, T. Le Saux, C. Rampon, C. Gauron, B. Goetz, S.
Dubruille, M. Baaden, M. Volovitch, D. Bensimon, S. Vriz, L.
Jullien, ChemBioChem 2010, 11, 653 – 663.

[40] P. Neveu, I. Aujard, C. Benbrahim, T. Le Saux, J.-F. Allemand,
S. Vriz, D. Bensimon, L. Jullien, Angew. Chem. 2008, 120,
3804 – 3806; Angew. Chem. Int. Ed. 2008, 47, 3744 – 3746.

[41] A. Shigenaga, J. Yamamoto, Y. Sumikawa, T. Furuta, A. Otaka,
Tetrahedron Lett. 2010, 51, 2868 – 2871.

[42] G. C. R. Ellis-Davies, M. Matsuzaki, M. Paukert, H. Kasai,
D. E. Bergles, J. Neurosci. 2007, 27, 6601 – 6604.

[43] S. Kantevari, Y. Buskila, G. C. R. Ellis-Davies, Photochem.
Photobiol. Sci. 2012, 11, 508 – 513.

[44] M. J. Davis, C. H. Kragor, K. G. Reddie, H. C. Wilson, Y. Zhu,
T. M. Dore, J. Org. Chem. 2009, 74, 1721 – 1729.

[45] M. C. Pirrung, T. M. Dore, Y. Zhu, V. S. Rana, Chem. Commun.
2010, 46, 5313 – 5315.

[46] D. Wçll, J. Smirnova, W. Pfleiderer, U. E. Steiner, Angew.
Chem. 2006, 118, 3042 – 3045; Angew. Chem. Int. Ed. 2006, 45,
2975 – 2978.

[47] D. Wçll, S. Laimgruber, M. Galetskaya, J. Smirnova, W.
Pfleiderer, B. Heinz, P. Gilch, U. E. Steiner, J. Am. Chem.
Soc. 2007, 129, 12148 – 12158.

[48] G. Papageorgiou, M. Lukeman, P. Wan, J. E. T. Corrie, Photo-
chem. Photobiol. Sci. 2004, 3, 366 – 373.

[49] G. Papageorgiou, D. Ogden, J. E. T. Corrie, J. Org. Chem. 2004,
69, 7228 – 7233.

[50] K. Dakin, W. Li, Nat. Methods 2006, 3, 959.
[51] Y. Zhao, Q. Zheng, K. Dakin, K. Xu, M. L. Martinez, W.-H. Li,

J. Am. Chem. Soc. 2004, 126, 4653 – 4663.
[52] C. Orange, A. Specht, D. Puliti, E. Sakr, T. Furuta, B. Winsor,

M. Goeldner, Chem. Commun. 2008, 1217 – 1219.
[53] M. San, M. Alvarez, O. Filevich, R. Etchenique, A. del Campo,

Langmuir 2012, 28, 1217 – 1221.
[54] I. Aujard, C. Benbrahim, M. Gouget, O. Ruel, J.-B. Baudin, P.

Neveu, L. Jullien, Chem. Eur. J. 2006, 12, 6865 – 6879.
[55] C. G. Bochet, Tetrahedron Lett. 2000, 41, 6341 – 6346.
[56] C. G. Bochet, Angew. Chem. 2001, 113, 2140 – 2142; Angew.

Chem. Int. Ed. 2001, 40, 2071 – 2073.
[57] A. Blanc, C. G. Bochet, J. Org. Chem. 2002, 67, 5567 – 5577.
[58] M. Kessler, R. Glatthar, B. Giese, C. G. Bochet, Org. Lett. 2003,

5, 1179 – 1181.
[59] A. Blanc, C. G. Bochet, J. Am. Chem. Soc. 2004, 126, 7174 –

7175.
[60] A. Blanc, C. G. Bochet, Org. Lett. 2007, 9, 2649 – 2651.
[61] C. G. Bochet, Synlett 2004, 2268 – 2274.
[62] C. G. Bochet, Pure Appl. Chem. 2006, 78, 241 – 247.
[63] A. del Campo, D. Boos, H. W. Spiess, U. Jonas, Angew. Chem.

2005, 117, 4785 – 4791; Angew. Chem. Int. Ed. 2005, 44, 4707 –
4712.

[64] P. Stegmaier, J. M. Alonso, A. del Campo, Langmuir 2008, 24,
11872 – 11879.

[65] P. Wang, Y. Wang, H. Hu, C. Spencer, X. Liang, L. Pan, J. Org.
Chem. 2008, 73, 6152 – 6157.

[66] S. Kantevari, M. Matsuzaki, Y. Kanemoto, H. Kasai, G. C. R.
Ellis-Davies, Nat. Methods 2010, 7, 123 – 125.

[67] M. A. Priestman, L. Sun, D. S. Lawrence, ACS Chem. Biol.
2011, 6, 377 – 384.

[68] F. Sch�fer, K. B. Joshi, M. A. H. Fichte, T. Mack, J. Wachtveitl,
A. Heckel, Org. Lett. 2011, 13, 1450 – 1453.

[69] C. Menge, A. Heckel, Org. Lett. 2011, 13, 4620 – 6423.
[70] M. San, C. G. Bochet, A. del Campo, J. Am. Chem. Soc. 2011,

133, 5380 – 5388.

.Angewandte
Reviews

A. Gottschalk et al.

8470 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476

http://dx.doi.org/10.1039/c1cs15023e
http://dx.doi.org/10.1039/c1cs15023e
http://dx.doi.org/10.1039/c005058j
http://dx.doi.org/10.2976/1.3132954
http://dx.doi.org/10.1021/cb900036s
http://dx.doi.org/10.1021/cb900036s
http://dx.doi.org/10.1016/j.conb.2009.09.004
http://dx.doi.org/10.1016/j.conb.2009.09.004
http://dx.doi.org/10.1038/nmeth1072
http://dx.doi.org/10.1038/nnano.2006.45
http://dx.doi.org/10.1021/bi00603a020
http://dx.doi.org/10.1021/bi00603a020
http://dx.doi.org/10.1021/jm00217a008
http://dx.doi.org/10.1021/ja1047736
http://dx.doi.org/10.1021/ja1047736
http://dx.doi.org/10.1038/nbt899
http://dx.doi.org/10.1038/nbt899
http://dx.doi.org/10.1002/ange.200603995
http://dx.doi.org/10.1002/anie.200603995
http://dx.doi.org/10.1002/anie.200603995
http://dx.doi.org/10.1038/nn736
http://dx.doi.org/10.1021/cn100111a
http://dx.doi.org/10.1016/j.bmc.2010.04.084
http://dx.doi.org/10.1016/j.bmc.2010.04.084
http://dx.doi.org/10.1002/cbic.200500345
http://dx.doi.org/10.1038/nmeth821
http://dx.doi.org/10.1038/nchembio.321
http://dx.doi.org/10.1038/nchembio.321
http://dx.doi.org/10.1021/ja073723s
http://dx.doi.org/10.1021/ja073723s
http://dx.doi.org/10.1021/ol026524g
http://dx.doi.org/10.1021/ol034536b
http://dx.doi.org/10.1021/ol034536b
http://dx.doi.org/10.1021/ja0555320
http://dx.doi.org/10.1021/ja0555320
http://dx.doi.org/10.1002/ange.200604598
http://dx.doi.org/10.1002/ange.200604598
http://dx.doi.org/10.1002/anie.200604598
http://dx.doi.org/10.1021/ja0722022
http://dx.doi.org/10.1002/cbic.200600111
http://dx.doi.org/10.1002/cbic.200600111
http://dx.doi.org/10.1002/cbic.200700651
http://dx.doi.org/10.1002/ange.200803964
http://dx.doi.org/10.1002/anie.200803964
http://dx.doi.org/10.1002/anie.200803964
http://dx.doi.org/10.1021/ja9074562
http://dx.doi.org/10.1002/ange.201106559
http://dx.doi.org/10.1002/anie.201106559
http://dx.doi.org/10.1021/ja907287n
http://dx.doi.org/10.1021/ja907287n
http://dx.doi.org/10.1113/jphysiol.2011.207100
http://dx.doi.org/10.1113/jphysiol.2011.207100
http://dx.doi.org/10.1002/cbic.201000008
http://dx.doi.org/10.1002/ange.200800037
http://dx.doi.org/10.1002/ange.200800037
http://dx.doi.org/10.1002/anie.200800037
http://dx.doi.org/10.1016/j.tetlet.2010.03.079
http://dx.doi.org/10.1523/JNEUROSCI.1519-07.2007
http://dx.doi.org/10.1039/c1pp05155e
http://dx.doi.org/10.1039/c1pp05155e
http://dx.doi.org/10.1021/jo802658a
http://dx.doi.org/10.1039/c0cc00782j
http://dx.doi.org/10.1039/c0cc00782j
http://dx.doi.org/10.1002/ange.200504091
http://dx.doi.org/10.1002/ange.200504091
http://dx.doi.org/10.1002/anie.200504091
http://dx.doi.org/10.1002/anie.200504091
http://dx.doi.org/10.1021/ja072355p
http://dx.doi.org/10.1021/ja072355p
http://dx.doi.org/10.1039/b316251f
http://dx.doi.org/10.1039/b316251f
http://dx.doi.org/10.1021/jo049071x
http://dx.doi.org/10.1021/jo049071x
http://dx.doi.org/10.1038/nmeth1206-959
http://dx.doi.org/10.1021/ja036958m
http://dx.doi.org/10.1039/b716486f
http://dx.doi.org/10.1002/chem.200501393
http://dx.doi.org/10.1016/S0040-4039(00)01050-9
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2140::AID-ANGE2140%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2071::AID-ANIE2071%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2071::AID-ANIE2071%3E3.0.CO;2-9
http://dx.doi.org/10.1021/jo025837m
http://dx.doi.org/10.1021/ol027454g
http://dx.doi.org/10.1021/ol027454g
http://dx.doi.org/10.1021/ja049686b
http://dx.doi.org/10.1021/ja049686b
http://dx.doi.org/10.1021/ol070820h
http://dx.doi.org/10.1055/s-2004-832848
http://dx.doi.org/10.1351/pac200678020241
http://dx.doi.org/10.1002/ange.200500092
http://dx.doi.org/10.1002/ange.200500092
http://dx.doi.org/10.1002/anie.200500092
http://dx.doi.org/10.1002/anie.200500092
http://dx.doi.org/10.1021/la802052u
http://dx.doi.org/10.1021/la802052u
http://dx.doi.org/10.1021/jo8008275
http://dx.doi.org/10.1021/jo8008275
http://dx.doi.org/10.1038/nmeth.1413
http://dx.doi.org/10.1021/cb100398e
http://dx.doi.org/10.1021/cb100398e
http://dx.doi.org/10.1021/ol201842x
http://www.angewandte.org


[71] D. D. Young, A. Deiters, Angew. Chem. 2007, 119, 4368 – 4370;
Angew. Chem. Int. Ed. 2007, 46, 4290 – 4292.

[72] S. B. Cambridge, D. Geissler, F. Calegari, K. Anastassiadis,
M. T. Hasan, A. F. Stewart, W. B. Huttner, V. Hagen, T.
Bonhoeffer, Nat. Methods 2009, 6, 527 – 531.

[73] S. B. Cambridge, D. Geissler, S. Keller, B. C�rten, Angew.
Chem. 2006, 118, 2287 – 2289; Angew. Chem. Int. Ed. 2006, 45,
2229 – 2231.

[74] D. J. Sauers, M. K. Temburni, J. B. Biggins, L. M. Ceo, D. S.
Galileo, J. T. Koh, ACS Chem. Biol. 2010, 5, 313 – 320.

[75] D. D. Young, R. A. Garner, J. A. Yoder, A. Deiters, Chem.
Commun. 2009, 568 – 570.

[76] B. Wulffen, M. C. R. Buff, M. Pofahl, G. Mayer, A. Heckel,
Photochem. Photobiol. Sci. 2012, 11, 489 – 492.

[77] A. Nomura, T. Q. P. Uyeda, N. Yumoto, Y. Tatsu, Chem.
Commun. 2006, 3588 – 3590.

[78] B. Asrican, J. Lisman, N. Otmakhov, J. Neurosci. 2007, 27,
14007 – 14011.

[79] G. M. Shankar, B. L. Bloodgood, M. Townsend, D. M. Walsh,
D. J. Selkoe, B. L. Sabatini, J. Neurosci. 2007, 27, 2866 – 2875.

[80] Y.-P. Zhang, N. Holbro, T. G. Oertner, Proc. Natl. Acad. Sci.
USA 2008, 105, 12039 – 12044.

[81] M. Heine, L. Groc, R. Frischknecht, J.-C. Beique, B. Lounis, G.
Rumbaugh, R. L. Huganir, L. Cognet, D. Choquet, Science
2008, 320, 201 – 205.

[82] R. J. Richardson, J. A. Blundon, I. T. Bayazitov, S. S. Zakhar-
enko, J. Neurosci. 2009, 29, 6406 – 6417.

[83] S. Remy, J. Csicsvari, H. Beck, Neuron 2009, 61, 906 – 916.
[84] G. C. R. Ellis-Davies, Nat. Protoc. 2011, 6, 314 – 326.
[85] M. Matsuzaki, G. C. R. Ellis-Davies, H. Kasai, J. Neurophysiol.

2008, 99, 1535 – 1544.
[86] J. Zhao, T. D. Gover, S. Muralidharan, D. A. Auston, D.

Weinreich, J. P. Y. Kao, Biochemistry 2006, 45, 4915 – 4926.
[87] D. Gilbert, K. Funk, B. Dekowski, R. Lechler, S. Keller, F.

Mohrlen, S. Frings, V. Hagen, ChemBioChem 2007, 8, 89 – 97.
[88] T. Str�nker, I. Weyand, W. Bonigk, Q. Van, A. Loogen, J. E.

Brown, N. Kashikar, V. Hagen, E. Krause, U. B. Kaupp, Nat.
Cell Biol. 2006, 8, 1149 – 1154.

[89] S. Kantevari, G. R. J. Gordon, B. A. MacVicar, G. C. R. Ellis-
Davies, Nat. Protoc. 2011, 6, 327 – 337.

[90] G. R. J. Gordon, K. J. Iremonger, S. Kantevari, G. C. R. Ellis-
Davies, B. A. MacVicar, J. S. Bains, Neuron 2009, 64, 391 – 403.

[91] D. Subramanian, V. Laketa, R. M�ller, C. Tischer, S. Zar-
bakhsh, R. Pepperkok, C. Schultz, Nat. Chem. Biol. 2010, 6,
324 – 326.

[92] M. Mentel, V. Laketa, D. Subramanian, H. Gillandt, C. Schultz,
Angew. Chem. 2011, 123, 3895 – 3898; Angew. Chem. Int. Ed.
2011, 50, 3811 – 3814.

[93] E. J. Quann, E. Merino, T. Furuta, M. Huse, Nat. Immunol.
2009, 10, 627 – 635.

[94] G. C. R. Ellis-Davies, Chem. Rev. 2008, 108, 1603 – 1613.
[95] Y. A. Kim, D. M. C. Ramirez, W. J. Costain, L. J. Johnston, R.

Bittman, Chem. Commun. 2011, 47, 9236 – 9238.
[96] R. S. Lankalapalli, A. Ouro, L. Arana, A. G�mez-MuÇoz, R.

Bittman, J. Org. Chem. 2009, 74, 8844 – 8847.
[97] O. Sadovski, A. S. I. Jaikaran, S. Samanta, M. R. Fabian,

R. J. O. Dowling, N. Sonenberg, G. A. Woolley, Bioorg. Med.
Chem. 2010, 18, 7746 – 7752.

[98] N. Umeda, T. Ueno, C. Pohlmeyer, T. Nagano, T. Inoue, J. Am.
Chem. Soc. 2011, 133, 12 – 14.

[99] A. V. Karginov, Y. Zou, D. Shirvanyants, P. Kota, N. V.
Dokholyan, D. D. Young, K. M. Hahn, A. Deiters, J. Am.
Chem. Soc. 2011, 133, 420 – 423.

[100] J. B. Biggins, A. Hashimoto, J. T. Koh, ChemBioChem 2007, 8,
799 – 803.

[101] F. Kilic, N. D. Kashikar, R. Schmidt, L. Alvarez, L. Dai, I.
Weyand, B. Wiesner, N. Goodwin, V. Hagen, U. B. Kaupp, J.
Am. Chem. Soc. 2009, 131, 4027 – 4030.

[102] K. Hishikawa, H. Nakagawa, T. Furuta, K. Fukuhara, H.
Tsumoto, T. Suzuki, N. Miyata, J. Am. Chem. Soc. 2009, 131,
7488 – 7489.

[103] E. W. Miller, N. Taulet, C. S. Onak, E. J. New, J. K. Lanselle,
G. S. Smelick, C. J. Chang, J. Am. Chem. Soc. 2010, 132, 17071 –
17073.

[104] D. Arian, L. Kovbasyuk, A. Mokhir, J. Am. Chem. Soc. 2011,
133, 3972 – 3980.

[105] Z. Dai, N. G. Dulyaninova, S. Kumar, A. R. Bresnick, D. S.
Lawrence, Chem. Biol. 2007, 14, 1254 – 1260.

[106] H.-M. Lee, W. Xu, D. S. Lawrence, J. Am. Chem. Soc. 2011, 133,
2331 – 2333.

[107] T. Muraoka, C.-Y. Koh, H. Cui, S. I. Stupp, Angew. Chem. 2009,
121, 6060 – 6063; Angew. Chem. Int. Ed. 2009, 48, 5946 – 5949.

[108] S. Petersen, J. M. Alonso, A. Specht, P. Duodu, M. Goeldner, A.
del Campo, Angew. Chem. 2008, 120, 3236 – 3239; Angew.
Chem. Int. Ed. 2008, 47, 3192 – 3195.

[109] C. Goubko, S. Majumdar, A. Basak, X. Cao, Biomed. Micro-
devices 2010, 12, 555 – 568.

[110] S. Mizukami, M. Hosoda, T. Satake, S. Okada, Y. Hori, T.
Furuta, K. Kikuchi, J. Am. Chem. Soc. 2010, 132, 9524 – 9525.

[111] T. Kuner, Y. Li, K. R. Gee, L. F. Bonewald, G. J. Augustine,
Proc. Natl. Acad. Sci. USA 2008, 105, 347 – 352.

[112] L. L. Parker, J. W. Kurutz, S. B. H. Kent, S. J. Kron, Angew.
Chem. 2006, 118, 6470 – 6473; Angew. Chem. Int. Ed. 2006, 45,
6322 – 6325.

[113] M. Toebes, M. Coccoris, A. Bins, B. Rodenko, R. Gomez, N. J.
Nieuwkoop, W. van de Kasteele, G. F. Rimmelzwaan,
J. B. A. G. Haanen, H. Ovaa, T. N. M. Schumacher, Nat. Med.
2006, 12, 246 – 251.

[114] M. Bhagawati, S. Lata, R. Tampe, J. Piehler, J. Am. Chem. Soc.
2010, 132, 5932 – 5933.

[115] H. Li, J.-M. Hah, D. S. Lawrence, J. Am. Chem. Soc. 2008, 130,
10474 – 10475.

[116] K. Katayama, S. Tsukiji, T. Furuta, T. Nagamune, Chem.
Commun. 2008, 5399 – 5401.

[117] M. J. Tucker, J. R. Courter, J. Chen, O. Atasoylu, A. B. Smith,
R. M. Hochstrasser, Angew. Chem. 2010, 122, 3694 – 3698;
Angew. Chem. Int. Ed. 2010, 49, 3612 – 3616.

[118] C. C. Liu, P. G. Schultz, Annu. Rev. Biochem. 2010, 79, 413 –
444.

[119] A. Deiters, D. Groff, Y. Ryu, J. Xie, P. G. Schultz, Angew. Chem.
2006, 118, 2794 – 2797; Angew. Chem. Int. Ed. 2006, 45, 2728 –
2731.

[120] C. Chou, D. D. Young, A. Deiters, Angew. Chem. 2009, 121,
6064 – 6067; Angew. Chem. Int. Ed. 2009, 48, 5950 – 5953.

[121] W. F. Edwards, D. D. Young, A. Deiters, ACS Chem. Biol. 2009,
4, 441 – 445.

[122] C. Chou, D. D. Young, A. Deiters, ChemBioChem 2010, 11,
972 – 977.

[123] C. Chou, A. Deiters, Angew. Chem. 2011, 123, 6971 – 6974;
Angew. Chem. Int. Ed. 2011, 50, 6839 – 6842.

[124] A. Gautier, A. Deiters, J. W. Chin, J. Am. Chem. Soc. 2011, 133,
2124 – 2127.

[125] A. Gautier, D. P. Nguyen, H. Lusic, W. An, A. Deiters, J. W.
Chin, J. Am. Chem. Soc. 2010, 132, 4086 – 4088.

[126] E. A. Lemke, D. Summerer, B. H. Geierstanger, S. M. Brittain,
P. G. Schultz, Nat. Chem. Biol. 2007, 3, 769 – 772.

[127] B. J. Wilkins, S. Marionni, D. D. Young, J. Liu, Y. Wang, S. Di,
A. Deiters, T. A. Cropp, Biochemistry 2010, 49, 1557 – 1559.

[128] C. Ludwig, D. Schwarzer, H. D. Mootz, J. Biol. Chem. 2008, 283,
25264 – 25272.

Biochemical Photoswitches
Angewandte

Chemie

8471Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.200700057
http://dx.doi.org/10.1002/anie.200700057
http://dx.doi.org/10.1038/nmeth.1340
http://dx.doi.org/10.1002/ange.200503339
http://dx.doi.org/10.1002/ange.200503339
http://dx.doi.org/10.1002/anie.200503339
http://dx.doi.org/10.1002/anie.200503339
http://dx.doi.org/10.1021/cb9002305
http://dx.doi.org/10.1039/b819375d
http://dx.doi.org/10.1039/b819375d
http://dx.doi.org/10.1039/c1pp05242j
http://dx.doi.org/10.1039/b606538d
http://dx.doi.org/10.1039/b606538d
http://dx.doi.org/10.1523/JNEUROSCI.3587-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.3587-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.4970-06.2007
http://dx.doi.org/10.1073/pnas.0802940105
http://dx.doi.org/10.1073/pnas.0802940105
http://dx.doi.org/10.1126/science.1152089
http://dx.doi.org/10.1126/science.1152089
http://dx.doi.org/10.1523/JNEUROSCI.0258-09.2009
http://dx.doi.org/10.1016/j.neuron.2009.01.032
http://dx.doi.org/10.1038/nprot.2010.193
http://dx.doi.org/10.1152/jn.01127.2007
http://dx.doi.org/10.1152/jn.01127.2007
http://dx.doi.org/10.1021/bi052082f
http://dx.doi.org/10.1002/cbic.200600437
http://dx.doi.org/10.1038/ncb1473
http://dx.doi.org/10.1038/ncb1473
http://dx.doi.org/10.1038/nprot.2010.194
http://dx.doi.org/10.1016/j.neuron.2009.10.021
http://dx.doi.org/10.1038/nchembio.348
http://dx.doi.org/10.1038/nchembio.348
http://dx.doi.org/10.1002/ange.201007796
http://dx.doi.org/10.1002/anie.201007796
http://dx.doi.org/10.1002/anie.201007796
http://dx.doi.org/10.1038/ni.1734
http://dx.doi.org/10.1038/ni.1734
http://dx.doi.org/10.1021/cr078210i
http://dx.doi.org/10.1039/c1cc12345a
http://dx.doi.org/10.1021/jo902076w
http://dx.doi.org/10.1016/j.bmc.2010.04.005
http://dx.doi.org/10.1016/j.bmc.2010.04.005
http://dx.doi.org/10.1021/ja108258d
http://dx.doi.org/10.1021/ja108258d
http://dx.doi.org/10.1021/ja109630v
http://dx.doi.org/10.1021/ja109630v
http://dx.doi.org/10.1002/cbic.200600497
http://dx.doi.org/10.1002/cbic.200600497
http://dx.doi.org/10.1021/ja808334f
http://dx.doi.org/10.1021/ja808334f
http://dx.doi.org/10.1021/ja8093668
http://dx.doi.org/10.1021/ja8093668
http://dx.doi.org/10.1021/ja107783j
http://dx.doi.org/10.1021/ja107783j
http://dx.doi.org/10.1021/ja108819c
http://dx.doi.org/10.1021/ja108819c
http://dx.doi.org/10.1016/j.chembiol.2007.10.007
http://dx.doi.org/10.1021/ja108950q
http://dx.doi.org/10.1021/ja108950q
http://dx.doi.org/10.1002/ange.200901524
http://dx.doi.org/10.1002/ange.200901524
http://dx.doi.org/10.1002/anie.200901524
http://dx.doi.org/10.1002/ange.200704857
http://dx.doi.org/10.1002/anie.200704857
http://dx.doi.org/10.1002/anie.200704857
http://dx.doi.org/10.1007/s10544-010-9412-7
http://dx.doi.org/10.1007/s10544-010-9412-7
http://dx.doi.org/10.1021/ja102167m
http://dx.doi.org/10.1073/pnas.0707197105
http://dx.doi.org/10.1002/ange.200602439
http://dx.doi.org/10.1002/ange.200602439
http://dx.doi.org/10.1002/anie.200602439
http://dx.doi.org/10.1002/anie.200602439
http://dx.doi.org/10.1038/nm1360
http://dx.doi.org/10.1038/nm1360
http://dx.doi.org/10.1021/ja1000714
http://dx.doi.org/10.1021/ja1000714
http://dx.doi.org/10.1021/ja803395d
http://dx.doi.org/10.1021/ja803395d
http://dx.doi.org/10.1039/b812058g
http://dx.doi.org/10.1039/b812058g
http://dx.doi.org/10.1002/ange.201000500
http://dx.doi.org/10.1002/anie.201000500
http://dx.doi.org/10.1146/annurev.biochem.052308.105824
http://dx.doi.org/10.1146/annurev.biochem.052308.105824
http://dx.doi.org/10.1002/ange.200600264
http://dx.doi.org/10.1002/ange.200600264
http://dx.doi.org/10.1002/anie.200600264
http://dx.doi.org/10.1002/anie.200600264
http://dx.doi.org/10.1002/ange.200901115
http://dx.doi.org/10.1002/ange.200901115
http://dx.doi.org/10.1002/anie.200901115
http://dx.doi.org/10.1021/cb900041s
http://dx.doi.org/10.1021/cb900041s
http://dx.doi.org/10.1002/cbic.201000041
http://dx.doi.org/10.1002/cbic.201000041
http://dx.doi.org/10.1002/ange.201101157
http://dx.doi.org/10.1002/anie.201101157
http://dx.doi.org/10.1021/ja1109979
http://dx.doi.org/10.1021/ja1109979
http://dx.doi.org/10.1021/ja910688s
http://dx.doi.org/10.1038/nchembio.2007.44
http://dx.doi.org/10.1021/bi100013s
http://dx.doi.org/10.1074/jbc.M802972200
http://dx.doi.org/10.1074/jbc.M802972200
http://www.angewandte.org


[129] M. Vila-Perell�, Y. Hori, M. Rib�, T. W. Muir, Angew. Chem.
2008, 120, 7878 – 7881; Angew. Chem. Int. Ed. 2008, 47, 7764 –
7767.

[130] L. Berrade, Y. Kwon, J. A. Camarero, ChemBioChem 2010, 11,
1368 – 1372.

[131] J. Binschik, J. Zettler, H. D. Mootz, Angew. Chem. 2011, 123,
3307 – 3310; Angew. Chem. Int. Ed. 2011, 50, 3249 – 3252.

[132] S. Banala, D. Maurel, S. Manley, K. Johnsson, ACS Chem. Biol.
2012, 7, 289 – 293.

[133] C. Campos, M. Kamiya, S. Banala, K. Johnsson, M. Gonz�lez-
Gait�n, Dev. Dyn. 2011, 240, 820 – 827.

[134] D. Maurel, S. Banala, T. Laroche, K. Johnsson, ACS Chem.
Biol. 2010, 5, 507 – 516.

[135] R. K. McGinty, J. Kim, C. Chatterjee, R. G. Roeder, T. W. Muir,
Nature 2008, 453, 812 – 816.

[136] C. Chatterjee, R. K. McGinty, J.-P. Pellois, T. W. Muir, Angew.
Chem. 2007, 119, 2872 – 2876; Angew. Chem. Int. Ed. 2007, 46,
2814 – 2818.

[137] A. Aemissegger, C. N. Carrigan, B. Imperiali, Tetrahedron
2007, 63, 6185 – 6190.

[138] B. N. Goguen, A. Aemissegger, B. Imperiali, J. Am. Chem. Soc.
2011, 133, 11038 – 11041.

[139] B. N. Goguen, B. D. Hoffman, J. R. Sellers, M. A. Schwartz, B.
Imperiali, Angew. Chem. 2011, 123, 5785 – 5788; Angew. Chem.
Int. Ed. 2011, 50, 5667 – 5670.

[140] A. Rodrigues-Correia, M. B. Koeppel, F. Sch�fer, K. B. Joshi, T.
Mack, A. Heckel, Anal. Bioanal. Chem. 2011, 399, 441 – 447.

[141] S. G. Chaulk, A. M. MacMillan, Nat. Protoc. 2007, 2, 1052 –
1058.

[142] I. J. Dmochowski, X. Tang, BioTechniques 2007, 43, 161 – 171.
[143] X. Tang, I. J. Dmochowski, Mol. BioSyst. 2007, 3, 100 – 110.
[144] A. Deiters, Curr. Opin. Chem. Biol. 2009, 13, 678 – 686.
[145] J. P. Casey, R. A. Blidner, W. T. Monroe, Mol. Pharm. 2009, 6,

669 – 685.
[146] L. M. Ceo, J. T. Koh, ChemBioChem 2012, 13, 511 – 513.
[147] V. Mikat, A. Heckel, RNA 2007, 13, 2341 – 2347.
[148] S. Shah, S. Rangarajan, S. H. Friedman, Angew. Chem. 2005,

117, 1352 – 1356; Angew. Chem. Int. Ed. 2005, 44, 1328 – 1332.
[149] S. Shah, S. H. Friedman, Oligonucleotides 2007, 17, 35 – 43.
[150] S. Shah, P. K. Jain, A. Kala, D. Karunakaran, S. H. Friedman,

Nucleic Acids Res. 2009, 37, 4508 – 4517.
[151] P. K. Jain, S. Shah, S. H. Friedman, J. Am. Chem. Soc. 2011, 133,

440 – 446.
[152] A. Kala, S. H. Friedman, Pharm. Res. 2011, 28, 3050 – 3057.
[153] R. A. Blidner, K. R. Svoboda, R. P. Hammer, W. T. Monroe,

Mol. BioSyst. 2008, 4, 431 – 440.
[154] Q. N. Nguyen, R. V. Chavli, J. T. Marques, P. G. Conrad II, D.

Wang, W. He, B. E. Belisle, A. Zhang, L. M. Pastor, F. R.
Witney, M. Morris, F. Heitz, G. Divita, B. R. G. Williams, G. K.
McMaster, Biochim. Biophys. Acta Biomembr. 2006, 1758,
394 – 403.

[155] X. Tang, I. J. Dmochowski, Nat. Protoc. 2007, 1, 3041 – 3048.
[156] X. Tang, I. J. Dmochowski, Angew. Chem. 2006, 118, 3603 –

3606; Angew. Chem. Int. Ed. 2006, 45, 3523 – 3526.
[157] X. Tang, J. Swaminathan, A. M. Gewirtz, I. J. Dmochowski,

Nucleic Acids Res. 2008, 36, 559 – 569.
[158] A. Rotaru, J. Kovacs, A. Mokhir, Bioorg. Med. Chem. Lett.

2008, 18, 4336 – 4338.
[159] D. D. Young, H. Lusic, M. O. Lively, J. A. Yoder, A. Deiters,

ChemBioChem 2008, 9, 2937 – 2940.
[160] J. M. Govan, A. L. McIver, A. Deiters, Bioconjugate Chem.

2011, 22, 2136 – 2142.
[161] I. A. Shestopalov, S. Sinha, J. K. Chen, Nat. Chem. Biol. 2007, 3,

650 – 651.
[162] X. Ouyang, I. A. Shestopalov, S. Sinha, G. Zheng, C. L. W. Pitt,

W.-H. Li, A. J. Olson, J. K. Chen, J. Am. Chem. Soc. 2009, 131,
13255 – 13269.

[163] I. A. Shestopalov, J. K. Chen, Methods Cell Biol. 2011, 104,
151 – 172.

[164] A. Deiters, R. A. Garner, H. Lusic, J. M. Govan, M. Dush,
N. M. Nascone-Yoder, J. A. Yoder, J. Am. Chem. Soc. 2010, 132,
15644 – 15650.

[165] G. Zheng, L. Cochella, J. Liu, O. Hobert, W. Li, ACS Chem.
Biol. 2011, 6, 1332 – 1338.

[166] J. M. Govan, M. O. Lively, A. Deiters, J. Am. Chem. Soc. 2011,
133, 13176 – 13182.

[167] S. Yamaguchi, Y. Chen, S. Nakajima, T. Furuta, T. Nagamune,
Chem. Commun. 2010, 46, 2244 – 2246.

[168] J. L. Richards, X. Tang, A. Turetsky, I. J. Dmochowski, Bioorg.
Med. Chem. Lett. 2008, 18, 6255 – 6258.

[169] M. Famulok, J. S. Hartig, G. Mayer, Chem. Rev. 2007, 107,
3715 – 3743.

[170] A. Heckel, G. Mayer, J. Am. Chem. Soc. 2005, 127, 822 – 823.
[171] P. Jayapal, G. Mayer, A. Heckel, F. Wennmohs, J. Struct. Biol.

2009, 166, 241 – 250.
[172] Y. Li, J. Shi, Z. Luo, H. Jiang, X. Chen, F. Wang, X. Wu, Q. Guo,

Bioorg. Med. Chem. Lett. 2009, 19, 5368 – 5371.
[173] Y. M. Li, J. Shi, R. Cai, X. Chen, Z. F. Luo, Q. X. Guo, J.

Photochem. Photobiol. A 2010, 211, 129 – 134.
[174] A. Heckel, M. C. R. Buff, M. L. Raddatz, J. M�ller, B. Pçtzsch,

G. Mayer, Angew. Chem. 2006, 118, 6900 – 6902; Angew. Chem.
Int. Ed. 2006, 45, 6748 – 6750.

[175] M. C. R. Buff, F. Sch�fer, B. Wulffen, J. M�ller, B. Pçtzsch, A.
Heckel, G. Mayer, Nucleic Acids Res. 2010, 38, 2111 – 2118.

[176] G. Mayer, A. Lohberger, S. Butzen, M. Pofahl, M. Blind, A.
Heckel, Bioorg. Med. Chem. Lett. 2009, 19, 6561 – 6564.

[177] G. Mayer, J. M�ller, T. Mack, D. F. Freitag, T. Hçver, B.
Pçtzsch, A. Heckel, ChemBioChem 2009, 10, 654 – 657.

[178] A. Pinto, S. Lennarz, A. Rodrigues-Correia, A. Heckel, C. K.
O�Sullivan, G. Mayer, ACS Chem. Biol. 2012, 7, 360 – 366.

[179] A. Marx, O. Seitz, Molecular Beacons, Springer, Berlin, 2008.
[180] C. Wang, Z. Zhu, Y. Song, H. Lin, C. J. Yang, W. Tan, Chem.

Commun. 2011, 47, 5708 – 5710.
[181] K. B. Joshi, A. Vlachos, V. Mikat, T. Deller, A. Heckel, Chem.

Commun. 2012, 48, 2746 – 2748.
[182] K. Furukawa, H. Abe, S. Tsuneda, Y. Ito, Org. Biomol. Chem.

2010, 8, 2309 – 2311.
[183] M. L. Metzker, Genome Res. 2005, 15, 1767 – 1776.
[184] W. Wu, B. P. Stupi, V. A. Litosh, D. Mansouri, D. Farley, S.

Morris, S. Metzker, M. L. Metzker, Nucleic Acids Res. 2007, 35,
6339 – 6349.

[185] V. A. Litosh, W. Wu, B. P. Stupi, J. Wang, S. E. Morris, M. N.
Hersh, M. L. Metzker, Nucleic Acids Res. 2011, 39, e39.

[186] B. P. Stupi, H. Li, J. Wang, W. Wu, S. E. Morris, V. A. Litosh, J.
Muniz, M. N. Hersh, M. L. Metzker, Angew. Chem. 2012, 124,
1756 – 1759; Angew. Chem. Int. Ed. 2012, 51, 1724 – 1727.

[187] K. Tanaka, H. Katada, N. Shigi, A. Kuzuya, M. Komiyama,
ChemBioChem 2008, 9, 2120 – 2126.

[188] K. Tanaka, A. Kuzuya, M. Komiyama, Chem. Lett. 2008, 37,
584 – 585.

[189] A. Kuzuya, F. Okada, M. Komiyama, Bioconjugate Chem. 2009,
20, 1924 – 1929.

[190] A. Kuzuya, K. Tanaka, H. Katada, M. Komiyama, Molecules
2011, 17, 328 – 340.

[191] D. D. Young, H. Lusic, M. O. Lively, A. Deiters, Nucleic Acids
Res. 2009, 37, e58/1 – e58/8.

[192] D. D. Young, W. F. Edwards, H. Lusic, M. O. Lively, A. Deiters,
Chem. Commun. 2008, 462 – 464.

[193] D. D. Young, A. Deiters, Bioorg. Med. Chem. Lett. 2006, 16,
2658 – 2661.

[194] H. Lusic, D. D. Young, M. O. Lively, A. Deiters, Org. Lett. 2007,
9, 1903 – 1906.

[195] H. Lusic, M. O. Lively, A. Deiters, Mol. BioSyst. 2008, 4, 508 –
511.

.Angewandte
Reviews

A. Gottschalk et al.

8472 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476

http://dx.doi.org/10.1002/cbic.201000157
http://dx.doi.org/10.1002/cbic.201000157
http://dx.doi.org/10.1002/ange.201007078
http://dx.doi.org/10.1002/ange.201007078
http://dx.doi.org/10.1002/anie.201007078
http://dx.doi.org/10.1021/cb2002889
http://dx.doi.org/10.1021/cb2002889
http://dx.doi.org/10.1002/dvdy.22574
http://dx.doi.org/10.1021/cb1000229
http://dx.doi.org/10.1021/cb1000229
http://dx.doi.org/10.1038/nature06906
http://dx.doi.org/10.1002/ange.200605155
http://dx.doi.org/10.1002/ange.200605155
http://dx.doi.org/10.1002/anie.200605155
http://dx.doi.org/10.1002/anie.200605155
http://dx.doi.org/10.1016/j.tet.2007.03.023
http://dx.doi.org/10.1016/j.tet.2007.03.023
http://dx.doi.org/10.1021/ja2028074
http://dx.doi.org/10.1021/ja2028074
http://dx.doi.org/10.1002/ange.201100674
http://dx.doi.org/10.1002/anie.201100674
http://dx.doi.org/10.1002/anie.201100674
http://dx.doi.org/10.1007/s00216-010-4274-7
http://dx.doi.org/10.1038/nprot.2007.154
http://dx.doi.org/10.1038/nprot.2007.154
http://dx.doi.org/10.2144/000112519
http://dx.doi.org/10.1039/b614349k
http://dx.doi.org/10.1016/j.cbpa.2009.09.026
http://dx.doi.org/10.1021/mp900082q
http://dx.doi.org/10.1021/mp900082q
http://dx.doi.org/10.1002/cbic.201100683
http://dx.doi.org/10.1261/rna.753407
http://dx.doi.org/10.1002/ange.200461458
http://dx.doi.org/10.1002/ange.200461458
http://dx.doi.org/10.1002/anie.200461458
http://dx.doi.org/10.1089/oli.2006.0067
http://dx.doi.org/10.1093/nar/gkp415
http://dx.doi.org/10.1021/ja107226e
http://dx.doi.org/10.1021/ja107226e
http://dx.doi.org/10.1007/s11095-011-0529-z
http://dx.doi.org/10.1039/b801532e
http://dx.doi.org/10.1016/j.bbamem.2006.01.003
http://dx.doi.org/10.1016/j.bbamem.2006.01.003
http://dx.doi.org/10.1038/nprot.2006.462
http://dx.doi.org/10.1002/ange.200600954
http://dx.doi.org/10.1002/ange.200600954
http://dx.doi.org/10.1002/anie.200600954
http://dx.doi.org/10.1016/j.bmcl.2008.06.079
http://dx.doi.org/10.1016/j.bmcl.2008.06.079
http://dx.doi.org/10.1002/cbic.200800627
http://dx.doi.org/10.1021/bc200411n
http://dx.doi.org/10.1021/bc200411n
http://dx.doi.org/10.1038/nchembio.2007.30
http://dx.doi.org/10.1038/nchembio.2007.30
http://dx.doi.org/10.1021/ja809933h
http://dx.doi.org/10.1021/ja809933h
http://dx.doi.org/10.1016/B978-0-12-374814-0.00009-4
http://dx.doi.org/10.1016/B978-0-12-374814-0.00009-4
http://dx.doi.org/10.1021/ja1053863
http://dx.doi.org/10.1021/ja1053863
http://dx.doi.org/10.1021/cb200290e
http://dx.doi.org/10.1021/cb200290e
http://dx.doi.org/10.1021/ja204980v
http://dx.doi.org/10.1021/ja204980v
http://dx.doi.org/10.1039/b922502a
http://dx.doi.org/10.1016/j.bmcl.2008.09.093
http://dx.doi.org/10.1016/j.bmcl.2008.09.093
http://dx.doi.org/10.1021/cr0306743
http://dx.doi.org/10.1021/cr0306743
http://dx.doi.org/10.1021/ja043285e
http://dx.doi.org/10.1016/j.jsb.2009.01.010
http://dx.doi.org/10.1016/j.jsb.2009.01.010
http://dx.doi.org/10.1016/j.bmcl.2009.07.128
http://dx.doi.org/10.1016/j.jphotochem.2010.02.009
http://dx.doi.org/10.1016/j.jphotochem.2010.02.009
http://dx.doi.org/10.1002/ange.200602346
http://dx.doi.org/10.1002/anie.200602346
http://dx.doi.org/10.1002/anie.200602346
http://dx.doi.org/10.1093/nar/gkp1148
http://dx.doi.org/10.1016/j.bmcl.2009.10.032
http://dx.doi.org/10.1002/cbic.200800814
http://dx.doi.org/10.1021/cb2003835
http://dx.doi.org/10.1039/c1cc10481k
http://dx.doi.org/10.1039/c1cc10481k
http://dx.doi.org/10.1039/c2cc16654b
http://dx.doi.org/10.1039/c2cc16654b
http://dx.doi.org/10.1039/b926100a
http://dx.doi.org/10.1039/b926100a
http://dx.doi.org/10.1101/gr.3770505
http://dx.doi.org/10.1093/nar/gkm689
http://dx.doi.org/10.1093/nar/gkm689
http://dx.doi.org/10.1093/nar/gkq1293
http://dx.doi.org/10.1002/ange.201106516
http://dx.doi.org/10.1002/ange.201106516
http://dx.doi.org/10.1002/anie.201106516
http://dx.doi.org/10.1002/cbic.200800285
http://dx.doi.org/10.1246/cl.2008.584
http://dx.doi.org/10.1246/cl.2008.584
http://dx.doi.org/10.1021/bc900254e
http://dx.doi.org/10.1021/bc900254e
http://dx.doi.org/10.3390/molecules17010328
http://dx.doi.org/10.3390/molecules17010328
http://dx.doi.org/10.1093/nar/gkp150
http://dx.doi.org/10.1093/nar/gkp150
http://dx.doi.org/10.1039/b715152g
http://dx.doi.org/10.1016/j.bmcl.2006.02.034
http://dx.doi.org/10.1016/j.bmcl.2006.02.034
http://dx.doi.org/10.1021/ol070455u
http://dx.doi.org/10.1021/ol070455u
http://dx.doi.org/10.1039/b800166a
http://dx.doi.org/10.1039/b800166a
http://www.angewandte.org


[196] D. D. Young, M. O. Lively, A. Deiters, J. Am. Chem. Soc. 2010,
132, 6183 – 6193.

[197] J. L. Richards, G. K. Seward, Y.-H. Wang, I. J. Dmochowski,
ChemBioChem 2010, 11, 320 – 324.

[198] A. Nierth, M. Singer, A. J�schke, Chem. Commun. 2010, 46,
7975 – 7977.

[199] B. F�rtig, C. Richter, P. Schell, P. Wenter, S. Pitsch, H.
Schwalbe, RNA Biol. 2008, 5, 41 – 48.

[200] P. Wenter, B. F�rtig, A. Hainard, H. Schwalbe, S. Pitsch,
ChemBioChem 2006, 7, 417 – 420.

[201] B. F�rtig, P. Wenter, L. Reymond, C. Richter, S. Pitsch, H.
Schwalbe, J. Am. Chem. Soc. 2007, 129, 16222 – 16229.

[202] B. F�rtig, J. Buck, V. Manoharan, W. Bermel, A. Jaeschke, P.
Wenter, S. Pitsch, H. Schwalbe, Biopolymers 2007, 86, 360 – 383.

[203] B. F�rtig, P. Wenter, S. Pitsch, H. Schwalbe, ACS Chem. Biol.
2010, 5, 753 – 765.

[204] N. C. Seeman, Annu. Rev. Biochem. 2010, 79, 65 – 87.
[205] A. K. Mok, N. A. Kedzierski, P. N. Chung, P. S. Lukeman,

Chem. Commun. 2011, 47, 4905 – 4907.
[206] T. L. Schmidt, M. B. Koeppel, J. Thevarpadam, D. P. N. Gon-

Åalves, A. Heckel, Small 2011, 7, 2163 – 2167.
[207] M.-M. Russew, S. Hecht, Adv. Mater. 2010, 22, 3348 – 3360.
[208] D. Bl�ger, Z. Yu, S. Hecht, Chem. Commun. 2011, 47, 12260 –

12266.
[209] H. Duerr, H. Bouas-Laurent, Photochromism: Molecules and

Systems, rev. ed. , Elsevier, 2003.
[210] Y. Hirshberg, C. R. Hebd. Seances Acad. Sci. 1950, 231, 903 –

904.
[211] J. Griffiths, Chem. Soc. Rev. 1972, 1, 481 – 493.
[212] H. Rau in Photochromism: Molecules and Systems, rev. ed.

(Eds.: H. D�rr, H. Bouas-Laurent), Elsevier, Amsterdam, 2003.
[213] D. J. W. Bullock, C. W. N. Cumper, A. I. Vogel, J. Chem. Soc.

1965, 5316 – 5323.
[214] D. A. James, D. C. Burns, G. A. Woolley, Protein Eng. 2001, 14,

983 – 991.
[215] N. Pozhidaeva, M.-E. Cormier, A. Chaudhari, G. A. Woolley,

Bioconjugate Chem. 2004, 15, 1297 – 1303.
[216] N. Nishimura, T. Tanaka, M. Asano, Y. Sueishi, J. Chem. Soc.

Perkin Trans. 2 1986, 1839 – 1845.
[217] W. R. Brode, J. H. Gould, G. M. Wyman, J. Am. Chem. Soc.

1953, 75, 1856 – 1859.
[218] K. S. Schanze, T. F. Mattox, D. G. Whitten, J. Org. Chem. 1983,

48, 2808 – 2813.
[219] L. Chi, O. Sadovski, G. A. Woolley, Bioconjugate Chem. 2006,

17, 670 – 676.
[220] W. A. Sokalski, R. W. G�ra, W. Bartkowiak, P. Kobylin�ski, J.

Sworakowski, A. Chyla, J. Leszczyn�ski, J. Chem. Phys. 2001,
114, 5504 – 5508.

[221] N. Nishimura, T. Sueyoshi, H. Yamanaka, E. Imai, S. Yama-
moto, S. Hasegawa, Bull. Chem. Soc. Jpn. 1976, 49, 1381 – 1387.

[222] A. A. Beharry, O. Sadovski, G. A. Woolley, Org. Biomol.
Chem. 2008, 6, 4323 – 4332.

[223] H. Nishioka, X. Liang, H. Kashida, H. Asanuma, Chem.
Commun. 2007, 4354 – 4356.

[224] O. Sadovski, A. A. Beharry, F. Zhang, G. A. Woolley, Angew.
Chem. 2009, 121, 1512 – 1514; Angew. Chem. Int. Ed. 2009, 48,
1484 – 1486.

[225] H. Asanuma, X. Liang, M. Komiyama, Tetrahedron Lett. 2000,
41, 1055 – 1058.

[226] R. Behrendt, C. Renner, M. Schenk, F. Wang, J. Wachtveitl, D.
Oesterhelt, L. Moroder, Angew. Chem. 1999, 111, 2941 – 2943;
Angew. Chem. Int. Ed. 1999, 38, 2771 – 2774.

[227] K. Rueck-Braun, S. Kempa, B. Priewisch, A. Richter, S.
Seedorff, L. Wallach, Synthesis 2009, 4256 – 4267.

[228] A. A. Beharry, O. Sadovski, G. A. Woolley, J. Am. Chem. Soc.
2011, 133, 19684 – 19687.

[229] A. Meister, M. E. Anderson, Annu. Rev. Biochem. 1983, 52,
711 – 760.

[230] C. Boul	gue, M. Lçweneck, C. Renner, L. Moroder, Chem-
BioChem 2007, 8, 591 – 594.

[231] R. F. Standaert, S. B. Park, J. Org. Chem. 2006, 71, 7952 – 7966.
[232] A. A. Beharry, L. Wong, V. Tropepe, G. A. Woolley, Angew.

Chem. 2011, 123, 1361 – 1363; Angew. Chem. Int. Ed. 2011, 50,
1325 – 1327.

[233] U. Kusebauch, S. A. Cadamuro, H.-J. Musiol, M. O. Lenz, J.
Wachtveitl, L. Moroder, C. Renner, Angew. Chem. 2006, 118,
7170 – 7173; Angew. Chem. Int. Ed. 2006, 45, 7015 – 7018.

[234] F. Zhang, O. Sadovski, G. A. Woolley, ChemBioChem 2008, 9,
2147 – 2154.

[235] S. Samanta, G. A. Woolley, ChemBioChem 2011, 12, 1712 –
1723.

[236] D. Bl�ger, J. Dokic, M. Peters, L. Grubert, P. Saalfrank, S.
Hecht, J. Phys. Chem. B 2011, 115, 9930 – 9940.

[237] F. Cisnetti, R. Ballardini, A. Credi, M. T. Gandolfi, S. Masiero,
F. Negri, S. Pieraccini, G. P. Spada, Chem. Eur. J. 2004, 10,
2011 – 2021.

[238] D. H. Waldeck, Chem. Rev. 1991, 91, 415 – 436.
[239] T. Lougheed, V. Borisenko, T. Hennig, K. Rueck-Braun, G. A.

Woolley, Org. Biomol. Chem. 2004, 2, 2798 – 2801.
[240] T. Yamaguchi, T. Seki, T. Tamaki, K. Ichimura, Bull. Chem. Soc.

Jpn. 1992, 65, 649 – 656.
[241] T. Seki, T. Tamaki, T. Yamaguchi, K. Ichimura, Bull. Chem. Soc.

Jpn. 1992, 65, 657 – 663.
[242] S. Herre, W. Steinle, K. Rueck-Braun, Synthesis 2005, 3297 –

3300.
[243] T. Schadendorf, C. Hoppmann, K. Rueck-Braun, Tetrahedron

Lett. 2007, 48, 9044 – 9047.
[244] T. Cordes, C. Elsner, T. T. Herzog, C. Hoppmann, T. Schaden-

dorf, W. Summerer, K. Rueck-Braun, W. Zinth, Chem. Phys.
2009, 358, 103 – 110.

[245] M. Erd�lyi, M. Varedian, C. Skold, I. B. Niklasson, J. Nurbo, A.
Persson, J. Bergquist, A. Gogoll, Org. Biomol. Chem. 2008, 6,
4356 – 4373.

[246] M. Varedian, V. Langer, J. Bergquist, A. Gogoll, Tetrahedron
Lett. 2008, 49, 6033 – 6035.

[247] N. J. V. Lindgren, M. Varedian, A. Gogoll, Chem. Eur. J. 2009,
15, 501 – 505.

[248] T. Sakata, Y. Yan, G. Marriott, J. Org. Chem. 2005, 70, 2009 –
2013.

[249] M. Bletz, U. Pfeifer-Fukumura, U. Kolb, W. Baumann, J. Phys.
Chem. A 2002, 106, 2232 – 2236.

[250] R. Guglielmetti in Photochromism: Molecules and Systems, rev.
ed. (Eds.: H. D�rr, H. Bouas-Laurent), Elsevier, Amsterdam,
2003.

[251] Y. Shiraishi, M. Itoh, T. Hirai, Phys. Chem. Chem. Phys. 2010,
12, 13737 – 13745.

[252] C. P. McCoy, C. Rooney, C. R. Edwards, D. S. Jones, S. P.
Gorman, J. Am. Chem. Soc. 2007, 129, 9572 – 9573.

[253] H. Gçrner, Chem. Phys. 1997, 222, 315 – 329.
[254] T. Sakata, Y. Yan, G. Marriott, Proc. Natl. Acad. Sci. USA 2005,

102, 4759 – 4764.
[255] G. Marriott in Photosensitive Molecules for Controlling Bio-

logical Function (Eds.: J. J. Chambers, R. H. Kramer), Springer,
New York, 2011, pp. 213 – 231.

[256] A. Kocer, M. Walko, W. Meijberg, B. L. Feringa, Science 2005,
309, 755 – 758.

[257] H. Asanuma, K. Shirasuka, T. Yoshida, T. Takarada, X. Liang,
M. Komiyama, Chem. Lett. 2001, 108 – 109.

[258] C. Beyer, H.-A. Wagenknecht, Synlett 2010, 1371 – 1376.
[259] J. Andersson, S. Li, P. Lincoln, J. Andr�asson, J. Am. Chem. Soc.

2008, 130, 11836 – 11837.
[260] T. Stafforst, D. Hilvert, Chem. Commun. 2009, 287 – 288.

Biochemical Photoswitches
Angewandte

Chemie

8473Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja100710j
http://dx.doi.org/10.1021/ja100710j
http://dx.doi.org/10.1002/cbic.200900702
http://dx.doi.org/10.1039/c0cc03162c
http://dx.doi.org/10.1039/c0cc03162c
http://dx.doi.org/10.4161/rna.5.1.5704
http://dx.doi.org/10.1002/cbic.200500468
http://dx.doi.org/10.1021/ja076739r
http://dx.doi.org/10.1002/bip.20761
http://dx.doi.org/10.1146/annurev-biochem-060308-102244
http://dx.doi.org/10.1039/c1cc10292c
http://dx.doi.org/10.1002/smll.201100182
http://dx.doi.org/10.1002/adma.200904102
http://dx.doi.org/10.1039/cs9720100481
http://dx.doi.org/10.1039/jr9650005316
http://dx.doi.org/10.1039/jr9650005316
http://dx.doi.org/10.1093/protein/14.12.983
http://dx.doi.org/10.1093/protein/14.12.983
http://dx.doi.org/10.1021/bc049855h
http://dx.doi.org/10.1039/p29860001839
http://dx.doi.org/10.1039/p29860001839
http://dx.doi.org/10.1021/ja01104a022
http://dx.doi.org/10.1021/ja01104a022
http://dx.doi.org/10.1021/jo00165a005
http://dx.doi.org/10.1021/jo00165a005
http://dx.doi.org/10.1021/bc050363u
http://dx.doi.org/10.1021/bc050363u
http://dx.doi.org/10.1063/1.1353586
http://dx.doi.org/10.1063/1.1353586
http://dx.doi.org/10.1246/bcsj.49.1381
http://dx.doi.org/10.1039/b810533b
http://dx.doi.org/10.1039/b810533b
http://dx.doi.org/10.1039/b708952j
http://dx.doi.org/10.1039/b708952j
http://dx.doi.org/10.1002/ange.200805013
http://dx.doi.org/10.1002/ange.200805013
http://dx.doi.org/10.1002/anie.200805013
http://dx.doi.org/10.1002/anie.200805013
http://dx.doi.org/10.1016/S0040-4039(99)02233-9
http://dx.doi.org/10.1016/S0040-4039(99)02233-9
http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2941::AID-ANGE2941%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2771::AID-ANIE2771%3E3.0.CO;2-W
http://dx.doi.org/10.1021/ja209239m
http://dx.doi.org/10.1021/ja209239m
http://dx.doi.org/10.1146/annurev.bi.52.070183.003431
http://dx.doi.org/10.1146/annurev.bi.52.070183.003431
http://dx.doi.org/10.1021/jo060763q
http://dx.doi.org/10.1002/ange.201006506
http://dx.doi.org/10.1002/ange.201006506
http://dx.doi.org/10.1002/anie.201006506
http://dx.doi.org/10.1002/anie.201006506
http://dx.doi.org/10.1002/ange.200601432
http://dx.doi.org/10.1002/ange.200601432
http://dx.doi.org/10.1002/anie.200601432
http://dx.doi.org/10.1002/cbic.200800196
http://dx.doi.org/10.1002/cbic.200800196
http://dx.doi.org/10.1002/cbic.201100204
http://dx.doi.org/10.1002/cbic.201100204
http://dx.doi.org/10.1002/chem.200305590
http://dx.doi.org/10.1002/chem.200305590
http://dx.doi.org/10.1021/cr00003a007
http://dx.doi.org/10.1039/b408485c
http://dx.doi.org/10.1246/bcsj.65.649
http://dx.doi.org/10.1246/bcsj.65.649
http://dx.doi.org/10.1246/bcsj.65.657
http://dx.doi.org/10.1246/bcsj.65.657
http://dx.doi.org/10.1016/j.tetlet.2007.10.110
http://dx.doi.org/10.1016/j.tetlet.2007.10.110
http://dx.doi.org/10.1016/j.chemphys.2008.12.027
http://dx.doi.org/10.1016/j.chemphys.2008.12.027
http://dx.doi.org/10.1016/j.tetlet.2008.07.054
http://dx.doi.org/10.1016/j.tetlet.2008.07.054
http://dx.doi.org/10.1002/chem.200801808
http://dx.doi.org/10.1002/chem.200801808
http://dx.doi.org/10.1021/jo048207o
http://dx.doi.org/10.1021/jo048207o
http://dx.doi.org/10.1021/jp012562q
http://dx.doi.org/10.1021/jp012562q
http://dx.doi.org/10.1039/c0cp00140f
http://dx.doi.org/10.1039/c0cp00140f
http://dx.doi.org/10.1021/ja073053q
http://dx.doi.org/10.1016/S0301-0104(97)00205-X
http://dx.doi.org/10.1073/pnas.0405265102
http://dx.doi.org/10.1073/pnas.0405265102
http://dx.doi.org/10.1126/science.1114760
http://dx.doi.org/10.1126/science.1114760
http://dx.doi.org/10.1246/cl.2001.108
http://dx.doi.org/10.1021/ja801968f
http://dx.doi.org/10.1021/ja801968f
http://dx.doi.org/10.1039/b818050d
http://www.angewandte.org


[261] T. Sakata, D. K. Jackson, S. Mao, G. Marriott, J. Org. Chem.
2008, 73, 227 – 233.

[262] D. Movia, A. Prina-Mello, Y. Volkov, S. Giordani, Chem. Res.
Toxicol. 2010, 23, 1459 – 1466.

[263] N. Shao, J. Jin, H. Wang, J. Zheng, R. Yang, W. Chan, Z. Abliz,
J. Am. Chem. Soc. 2010, 132, 725 – 736.

[264] J. R. Nilsson, S. Li, B. Onfelt, J. Andreasson, Chem. Commun.
2011, 47, 11020 – 11022.

[265] S. Mao, R. K. P. Benninger, Y. Yan, C. Petchprayoon, D.
Jackson, C. J. Easley, D. W. Piston, G. Marriott, Biophys. J.
2008, 94, 4515 – 4524.

[266] G. Marriott, S. Mao, T. Sakata, J. Ran, D. K. Jackson, C.
Petchprayoon, T. J. Gomez, E. Warp, O. Tulyathan, H. L.
Aaron, E. Y. Isacoff, Y. Yan, Proc. Natl. Acad. Sci. USA 2008,
105, 17789 – 17794.

[267] M. Irie, Chem. Rev. 2000, 100, 1685 – 1716.
[268] Y. Yokoyama, Chem. Rev. 2000, 100, 1717 – 1740.
[269] M. Irie in Molecular Switches (Eds.: B. L. Feringa), Wiley-

VCH, Weinheim, 2001, pp. 37 – 62.
[270] A. Peters, N. R. Branda, J. Am. Chem. Soc. 2003, 125, 3404 –

3405.
[271] S. Pu, C. Zheng, Z. Le, G. Liu, C. Fan, Tetrahedron 2008, 64,

2576 – 2585.
[272] M. Takeshita, M. Irie, Chem. Commun. 1997, 2265 – 2266.
[273] D. Vomasta, C. Hçgner, N. R. Branda, B. Kçnig, Angew. Chem.

2008, 120, 7756 – 7759; Angew. Chem. Int. Ed. 2008, 47, 7644 –
7647.

[274] T. Hirose, K. Matsuda, M. Irie, J. Org. Chem. 2006, 71, 7499 –
7508.

[275] T. Hirose, M. Irie, K. Matsuda, Adv. Mater. 2008, 20, 2137 –
2141.

[276] S. M. Polyakova, V. N. Belov, M. L. Bossi, S. W. Hell, Eur. J.
Org. Chem. 2011, 3301 – 3312.

[277] Y. Yokoyama in Molecular Switches (Ed.: B. L. Feringa),
Wiley-VCH, Weinheim, 2001, pp. 107 – 121.

[278] Y. Liang, A. S. Dvornikov, P. M. Rentzepis, J. Photochem.
Photobiol. A 1999, 125, 79 – 84.

[279] S. Draxler, T. Brust, S. Malkmus, F. O. Koller, B. Heinz, S.
Laimgruber, C. Schulz, S. Dietrich, K. Rueck-Braun, W. Zinth,
M. Braun, J. Mol. Liq. 2008, 141, 130 – 136.

[280] X. Chen, N. I. Islamova, R. V. Robles, W. J. Lees, Photochem.
Photobiol. Sci. 2011, 10, 1023 – 1029.

[281] I. Willner, S. Rubin, J. Wonner, F. Effenberger, P. Baeuerle, J.
Am. Chem. Soc. 1992, 114, 3150 – 3151.

[282] X. Chen, N. I. Islamova, S. P. Garcia, J. A. DiGirolamo, W. J.
Lees, J. Org. Chem. 2009, 74, 6777 – 6783.

[283] S. Herre, T. Schadendorf, I. Ivanov, C. Herrberger, W. Steinle,
K. Rueck-Braun, R. Preissner, H. Kuhn, ChemBioChem 2006,
7, 1089 – 1095.

[284] D. Fujita, M. Murai, T. Nishioka, H. Miyoshi, Biochemistry
2006, 45, 6581 – 6586.

[285] D. Pearson, A. J. Downard, A. Muscroft-Taylor, A. D. Abell, J.
Am. Chem. Soc. 2007, 129, 14862 – 14863.

[286] R. Briesewitz, G. T. Ray, T. J. Wandless, G. R. Crabtree, Proc.
Natl. Acad. Sci. USA 1999, 96, 1953 – 1958.

[287] Y. Zhang, F. Erdmann, G. Fischer, Nat. Chem. Biol. 2009, 5,
724 – 726.

[288] U. Al-Atar, R. Fernandes, B. Johnsen, D. Baillie, N. R. Branda,
J. Am. Chem. Soc. 2009, 131, 15966 – 15967.

[289] M. R. Banghart, M. Volgraf, D. Trauner, Biochemistry 2006, 45,
15129 – 15141.

[290] P. Gorostiza, E. Y. Isacoff, Science 2008, 322, 395 – 399.
[291] M. Volgraf, P. Gorostiza, S. Szobota, M. R. Helix, E. Y. Isacoff,

D. Trauner, J. Am. Chem. Soc. 2007, 129, 260 – 261.
[292] D. L. Fortin, M. R. Banghart, T. W. Dunn, K. Borges, D. A.

Wagenaar, Q. Gaudry, M. H. Karakossian, T. S. Otis, W. B.

Kristan, D. Trauner, R. H. Kramer, Nat. Methods 2008, 5, 331 –
338.

[293] M. R. Banghart, A. Mourot, D. L. Fortin, J. Z. Yao, R. H.
Kramer, D. Trauner, Angew. Chem. 2009, 121, 9261 – 9265;
Angew. Chem. Int. Ed. 2009, 48, 9097 – 9101.

[294] A. Mourot, M. A. Kienzler, M. R. Banghart, T. Fehrentz,
F. M. E. Huber, M. Stein, R. H. Kramer, D. Trauner, ACS
Chem. Neurosci. 2011, 2, 536 – 543.

[295] M. Sollogoub, S. Guieu, M. Geoffroy, A. Yamada, A. Est�vez-
Torres, K. Yoshikawa, D. Baigl, ChemBioChem 2008, 9, 1201 –
1206.

[296] A. Diguet, N. K. Mani, M. Geoffroy, M. Sollogoub, D. Baigl,
Chem. Eur. J. 2010, 16, 11890 – 11896.

[297] A. Est�vez-Torres, C. Crozatier, A. Diguet, T. Hara, H. Saito,
K. Yoshikawa, D. Baigl, Proc. Natl. Acad. Sci. USA 2009, 106,
12219 – 12223.

[298] C. Dohno, S. Uno, K. Nakatani, J. Am. Chem. Soc. 2007, 129,
11898 – 11899.

[299] C. Dohno, S. Uno, S. Sakai, M. Oku, K. Nakatani, Bioorg. Med.
Chem. 2009, 17, 2536 – 2543.

[300] C. Dohno, T. Yamamoto, K. Nakatani, Eur. J. Org. Chem. 2009,
4051 – 4058.

[301] D. D. Young, A. Deiters, ChemBioChem 2008, 9, 1225 – 1228.
[302] G. Hayashi, M. Hagihara, C. Dohno, K. Nakatani, J. Am. Chem.

Soc. 2007, 129, 8678 – 8679.
[303] G. Hayashi, M. Hagihara, K. Nakatani, Chem. Eur. J. 2009, 15,

424 – 432.
[304] H.-W. Lee, S. G. Robinson, S. Bandyopadhyay, R. H. Mitchell,

D. Sen, J. Mol. Biol. 2007, 371, 1163 – 1173.
[305] G. A. Woolley, Acc. Chem. Res. 2005, 38, 486 – 493.
[306] C. Renner, L. Moroder, ChemBioChem 2006, 7, 868 – 878.
[307] P. Hamm, J. Helbing, J. Bredenbeck, Annu. Rev. Phys. Chem.

2008, 59, 291 – 317.
[308] S.-L. Dong, M. Loeweneck, T. E. Schrader, W. J. Schreier, W.

Zinth, L. Moroder, C. Renner, Chem. Eur. J. 2006, 12, 1114 –
1120.

[309] T. E. Schrader, W. J. Schreier, T. Cordes, F. O. Koller, G.
Babitzki, R. Denschlag, C. Renner, M. Loeweneck, S.-L. Dong,
L. Moroder, P. Tavan, W. Zinth, Proc. Natl. Acad. Sci. USA
2007, 104, 15729 – 15734.

[310] T. E. Schrader, T. Cordes, W. J. Schreier, F. O. Koller, S.-L.
Dong, L. Moroder, W. Zinth, J. Phys. Chem. B 2011, 115, 5219 –
5226.

[311] S. Jurt, A. Aemissegger, P. G�ntert, O. Zerbe, D. Hilvert,
Angew. Chem. 2006, 118, 6445 – 6448; Angew. Chem. Int. Ed.
2006, 45, 6297 – 6300.

[312] U. Kusebauch, S. A. Cadamuro, H.-J. Musiol, L. Moroder, C.
Renner, Chem. Eur. J. 2007, 13, 2966 – 2973.

[313] C. Hoppmann, S. Seedorff, A. Richter, H. Fabian, P. Schmieder,
K. Rueck-Braun, M. Beyermann, Angew. Chem. 2009, 121,
6763 – 6766; Angew. Chem. Int. Ed. 2009, 48, 6636 – 6639.

[314] C. Hoppmann, P. Schmieder, P. Domaing, G. Vogelreiter, J.
Eichhorst, B. Wiesner, I. Morano, K. Rueck-Braun, M.
Beyermann, Angew. Chem. 2011, 123, 7841 – 7845; Angew.
Chem. Int. Ed. 2011, 50, 7699 – 7702.

[315] F. Zhang, A. Zarrine-Afsar, M. S. Al-Abdul-Wahid, R. S.
Prosser, A. R. Davidson, G. A. Woolley, J. Am. Chem. Soc.
2009, 131, 2283 – 2289.

[316] T. Fehrentz, M. Schoenberger, D. Trauner, Angew. Chem. 2011,
123, 12362 – 12390; Angew. Chem. Int. Ed. 2011, 50, 12156 –
12182.

[317] B. Schierling, A.-J. Noel, W. Wende, L. T. Hien, E. Volkov, E.
Kubareva, T. Oretskaya, M. Kokkinidis, A. Roempp, B.
Spengler, A. Pingoud, Proc. Natl. Acad. Sci. USA 2010, 107,
1361 – 1366.

.Angewandte
Reviews

A. Gottschalk et al.

8474 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476

http://dx.doi.org/10.1021/jo7019898
http://dx.doi.org/10.1021/jo7019898
http://dx.doi.org/10.1021/tx100123g
http://dx.doi.org/10.1021/tx100123g
http://dx.doi.org/10.1021/ja908215t
http://dx.doi.org/10.1039/c1cc13561a
http://dx.doi.org/10.1039/c1cc13561a
http://dx.doi.org/10.1529/biophysj.107.124859
http://dx.doi.org/10.1529/biophysj.107.124859
http://dx.doi.org/10.1073/pnas.0808882105
http://dx.doi.org/10.1073/pnas.0808882105
http://dx.doi.org/10.1021/cr980069d
http://dx.doi.org/10.1021/cr980070c
http://dx.doi.org/10.1021/ja028764x
http://dx.doi.org/10.1021/ja028764x
http://dx.doi.org/10.1016/j.tet.2008.01.025
http://dx.doi.org/10.1016/j.tet.2008.01.025
http://dx.doi.org/10.1039/a705677j
http://dx.doi.org/10.1002/ange.200802242
http://dx.doi.org/10.1002/ange.200802242
http://dx.doi.org/10.1002/anie.200802242
http://dx.doi.org/10.1002/anie.200802242
http://dx.doi.org/10.1021/jo060505t
http://dx.doi.org/10.1021/jo060505t
http://dx.doi.org/10.1002/adma.200702314
http://dx.doi.org/10.1002/adma.200702314
http://dx.doi.org/10.1002/ejoc.201100166
http://dx.doi.org/10.1002/ejoc.201100166
http://dx.doi.org/10.1016/S1010-6030(99)00079-9
http://dx.doi.org/10.1016/S1010-6030(99)00079-9
http://dx.doi.org/10.1016/j.molliq.2008.02.001
http://dx.doi.org/10.1039/c1pp05016h
http://dx.doi.org/10.1039/c1pp05016h
http://dx.doi.org/10.1021/ja00034a078
http://dx.doi.org/10.1021/ja00034a078
http://dx.doi.org/10.1021/jo900909d
http://dx.doi.org/10.1002/cbic.200600082
http://dx.doi.org/10.1002/cbic.200600082
http://dx.doi.org/10.1021/bi060544z
http://dx.doi.org/10.1021/bi060544z
http://dx.doi.org/10.1021/ja0766674
http://dx.doi.org/10.1021/ja0766674
http://dx.doi.org/10.1073/pnas.96.5.1953
http://dx.doi.org/10.1073/pnas.96.5.1953
http://dx.doi.org/10.1038/nchembio.214
http://dx.doi.org/10.1038/nchembio.214
http://dx.doi.org/10.1021/ja903070u
http://dx.doi.org/10.1021/bi0618058
http://dx.doi.org/10.1021/bi0618058
http://dx.doi.org/10.1126/science.1166022
http://dx.doi.org/10.1021/ja067269o
http://dx.doi.org/10.1002/ange.200904504
http://dx.doi.org/10.1002/anie.200904504
http://dx.doi.org/10.1002/cbic.200800072
http://dx.doi.org/10.1002/cbic.200800072
http://dx.doi.org/10.1002/chem.201001579
http://dx.doi.org/10.1021/ja074325s
http://dx.doi.org/10.1021/ja074325s
http://dx.doi.org/10.1016/j.bmc.2009.01.053
http://dx.doi.org/10.1016/j.bmc.2009.01.053
http://dx.doi.org/10.1002/ejoc.200900323
http://dx.doi.org/10.1002/ejoc.200900323
http://dx.doi.org/10.1002/cbic.200800051
http://dx.doi.org/10.1021/ja071298x
http://dx.doi.org/10.1021/ja071298x
http://dx.doi.org/10.1002/chem.200800936
http://dx.doi.org/10.1002/chem.200800936
http://dx.doi.org/10.1016/j.jmb.2007.06.042
http://dx.doi.org/10.1021/ar040091v
http://dx.doi.org/10.1002/cbic.200500531
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093757
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093757
http://dx.doi.org/10.1002/chem.200500986
http://dx.doi.org/10.1002/chem.200500986
http://dx.doi.org/10.1073/pnas.0707322104
http://dx.doi.org/10.1073/pnas.0707322104
http://dx.doi.org/10.1021/jp107683d
http://dx.doi.org/10.1021/jp107683d
http://dx.doi.org/10.1002/ange.200602084
http://dx.doi.org/10.1002/anie.200602084
http://dx.doi.org/10.1002/anie.200602084
http://dx.doi.org/10.1002/chem.200601162
http://dx.doi.org/10.1002/ange.200901933
http://dx.doi.org/10.1002/ange.200901933
http://dx.doi.org/10.1002/anie.200901933
http://dx.doi.org/10.1002/ange.201101398
http://dx.doi.org/10.1002/anie.201101398
http://dx.doi.org/10.1002/anie.201101398
http://dx.doi.org/10.1021/ja807938v
http://dx.doi.org/10.1021/ja807938v
http://dx.doi.org/10.1002/ange.201103236
http://dx.doi.org/10.1002/ange.201103236
http://dx.doi.org/10.1002/anie.201103236
http://dx.doi.org/10.1002/anie.201103236
http://dx.doi.org/10.1073/pnas.0909444107
http://dx.doi.org/10.1073/pnas.0909444107
http://www.angewandte.org


[318] L.-T. Hien, T. S. Zatsepin, B. Schierling, E. M. Volkov, W.
Wende, A. Pingoud, E. A. Kubareva, T. S. Oretskaya, Biocon-
jugate Chem. 2011, 22, 1366 – 1373.

[319] F. Bonardi, G. London, N. Nouwen, B. L. Feringa, A. J. M.
Driessen, Angew. Chem. 2010, 122, 7392 – 7396; Angew. Chem.
Int. Ed. 2010, 49, 7234 – 7238.

[320] H. Asanuma, T. Ito, T. Yoshida, X. Liang, M. Komiyama,
Angew. Chem. 1999, 111, 2547 – 2549; Angew. Chem. Int. Ed.
1999, 38, 2393 – 2395.

[321] H. Ito, X. Liang, H. Nishioka, H. Asanuma, Org. Biomol.
Chem. 2010, 8, 5519 – 5524.

[322] M. Liu, H. Asanuma, M. Komiyama, J. Am. Chem. Soc. 2006,
128, 1009 – 1015.

[323] J. Chen, T. Serizawa, M. Komiyama, Chem. Lett. 2011, 40, 482 –
483.

[324] X. Liang, K. Fujioka, H. Asanuma, Chem. Eur. J. 2011, 17,
10388 – 10396.

[325] X. Liang, H. Asanuma, H. Kashida, A. Takasu, T. Sakamoto, G.
Kawai, M. Komiyama, J. Am. Chem. Soc. 2003, 125, 16408 –
16415.

[326] H. Asanuma, D. Matsunaga, M. Komiyama, Nucleic Acids
Symp. Ser. 2005, 49, 35 – 36.

[327] H. Asanuma, X. Liang, H. Nishioka, D. Matsunaga, M. Liu, M.
Komiyama, Nat. Protoc. 2007, 2, 203 – 212.

[328] H. Kang, H. Liu, J. A. Phillips, Z. Cao, Y. Kim, Y. Chen, Z.
Yang, J. Li, W. Tan, Nano Lett. 2009, 9, 2690 – 2696.

[329] Q. Yuan, Y. Zhang, Y. Chen, R. Wang, C. Du, E. Yasun, W. Tan,
Proc. Natl. Acad. Sci. USA 2011, 108, 9331 – 9336.

[330] S. Ogasawara, M. Maeda, Angew. Chem. 2008, 120, 8971 – 8974;
Angew. Chem. Int. Ed. 2008, 47, 8839 – 8842.

[331] M. Singer, A. Jaeschke, J. Am. Chem. Soc. 2010, 132, 8372 –
8377.

[332] T. Stafforst, D. Hilvert, Angew. Chem. 2010, 122, 10195 – 10198;
Angew. Chem. Int. Ed. 2010, 49, 9998 – 10001.

[333] A. Kuzuya, K. Tanaka, M. Komiyama, J. Nucleic Acids 2011,
2011, 162452.

[334] M. Zhou, X. Liang, T. Mochizuki, H. Asanuma, Angew. Chem.
2010, 122, 2213 – 2216; Angew. Chem. Int. Ed. 2010, 49, 2167 –
2170.

[335] S. Ogasawara, M. Maeda, Bioorg. Med. Chem. Lett. 2011, 21,
5457 – 5459.

[336] Y. Kim, J. A. Phillips, H. Liu, H. Kang, W. Tan, Proc. Natl.
Acad. Sci. USA 2009, 106, 6489 – 6494.

[337] S. Ogasawara, M. Maeda, Angew. Chem. 2009, 121, 6799 – 6802;
Angew. Chem. Int. Ed. 2009, 48, 6671 – 6674.

[338] M. Liu, H. Jinmei, H. Abe, Y. Ito, Bioorg. Med. Chem. Lett.
2010, 20, 2964 – 2967.

[339] F. Tanaka, T. Mochizuki, X. Liang, H. Asanuma, S. Tanaka, K.
Suzuki, S. Kitamura, A. Nishikawa, K. Ui-Tei, M. Hagiya, Nano
Lett. 2010, 10, 3560 – 3565.

[340] D. Han, J. Huang, Z. Zhu, Q. Yuan, M. You, Y. Chen, W. Tan,
Chem. Commun. 2011, 47, 4670 – 4672.

[341] M. You, R.-W. Wang, X. Zhang, Y. Chen, K. Wang, L. Peng, W.
Tan, ACS Nano 2011, 5, 10090 – 10095.

[342] H. Nishioka, X. Liang, T. Kato, H. Asanuma, Angew. Chem.
2012, 124, 1191 – 1194; Angew. Chem. Int. Ed. 2012, 51, 1165 –
1168.

[343] P. Gorostiza, E. Isacoff, Mol. BioSyst. 2007, 3, 686 – 704.
[344] M. Mank, O. Griesbeck, Chem. Rev. 2008, 108, 1550 – 1564.
[345] I. T. Li, E. Pham, K. Truong, Biotechnol. Lett. 2006, 28, 1971 –

1982.
[346] L. L. Looger, O. Griesbeck, Curr. Opin. Neurobiol. 2012, 22,

18 – 23.
[347] G. Miesenbçck, Curr. Opin. Neurobiol. 2004, 14, 395 – 402.
[348] L. Fenno, O. Yizhar, K. Deisseroth, Annu. Rev. Neurosci. 2011,

34, 389 – 412.

[349] G. Nagel, T. Szellas, W. Huhn, S. Kateriya, N. Adeishvili, P.
Berthold, D. Ollig, P. Hegemann, E. Bamberg, Proc. Natl.
Acad. Sci. USA 2003, 100, 13940 – 13945.

[350] F. Zhang, L. P. Wang, M. Brauner, J. F. Liewald, K. Kay, N.
Watzke, P. G. Wood, E. Bamberg, G. Nagel, A. Gottschalk, K.
Deisseroth, Nature 2007, 446, 633 – 639.

[351] G. Nagel, D. Ollig, M. Fuhrmann, S. Kateriya, A. M. Musti, E.
Bamberg, P. Hegemann, Science 2002, 296, 2395 – 2398.

[352] E. S. Boyden, F. Zhang, E. Bamberg, G. Nagel, K. Deisseroth,
Nat. Neurosci. 2005, 8, 1263 – 1268.

[353] X. Li, D. V. Gutierrez, M. G. Hanson, J. Han, M. D. Mark, H.
Chiel, P. Hegemann, L. T. Landmesser, S. Herlitze, Proc. Natl.
Acad. Sci. USA 2005, 102, 17816 – 17821.

[354] T. Ishizuka, M. Kakuda, R. Araki, H. Yawo, Neurosci. Res.
2006, 54, 85 – 94.

[355] G. Nagel, M. Brauner, J. F. Liewald, N. Adeishvili, E. Bamberg,
A. Gottschalk, Curr. Biol. 2005, 15, 2279 – 2284.

[356] S. Schrçder-Lang, M. Schwarzel, R. Seifert, T. Strunker, S.
Kateriya, J. Looser, M. Watanabe, U. B. Kaupp, P. Hegemann,
G. Nagel, Nat. Methods 2007, 4, 39 – 42.

[357] S. Weissenberger, C. Schultheis, J. F. Liewald, K. Erbguth, G.
Nagel, A. Gottschalk, J. Neurochem. 2011, 116, 616 – 625.

[358] R. D. Airan, K. R. Thompson, L. E. Fenno, H. Bernstein, K.
Deisseroth, Nature 2009, 458, 1025 – 1029.

[359] Y. I. Wu, D. Frey, O. I. Lungu, A. Jaehrig, I. Schlichting, B.
Kuhlman, K. M. Hahn, Nature 2009, 461, 104 – 108.

[360] M. J. Kennedy, R. M. Hughes, L. A. Peteya, J. W. Schwartz,
M. D. Ehlers, C. L. Tucker, Nat. Methods 2010, 7, 973 – 975.

[361] A. Levskaya, O. D. Weiner, W. A. Lim, C. A. Voigt, Nature
2009, 461, 997 – 1001.

[362] S. Q. Lima, G. Miesenbock, Cell 2005, 121, 141 – 152.
[363] B. V. Zemelman, N. Nesnas, G. A. Lee, G. Miesenbock, Proc.

Natl. Acad. Sci. USA 2003, 100, 1352 – 1357.
[364] B. V. Zemelman, G. A. Lee, M. Ng, G. Miesenbock, Neuron

2002, 33, 15 – 22.
[365] A. Bi, J. Cui, Y. P. Ma, E. Olshevskaya, M. Pu, A. M. Dizhoor,

Z. H. Pan, Neuron 2006, 50, 23 – 33.
[366] C. Schroll, T. Riemensperger, D. Bucher, J. Ehmer, T. Voller, K.

Erbguth, B. Gerber, T. Hendel, G. Nagel, E. Buchner, A. Fiala,
Curr. Biol. 2006, 16, 1741 – 1747.

[367] A. D. Douglass, S. Kraves, K. Deisseroth, A. F. Schier, F.
Engert, Curr. Biol. 2008, 18, 1133 – 1137.

[368] B. R. Arenkiel, J. Peca, I. G. Davison, C. Feliciano, K.
Deisseroth, G. J. Augustine, M. D. Ehlers, G. Feng, Neuron
2007, 54, 205 – 218.

[369] L. Petreanu, D. Huber, A. Sobczyk, K. Svoboda, Nat. Neurosci.
2007, 10, 663 – 668.

[370] Y. P. Zhang, T. G. Oertner, Nat. Methods 2007, 4, 139 – 141.
[371] V. Gradinaru, K. R. Thompson, F. Zhang, M. Mogri, K. Kay,

M. B. Schneider, K. Deisseroth, J. Neurosci. 2007, 27, 14231 –
14238.

[372] X. Han, E. S. Boyden, PLoS ONE 2007, 2, e299.
[373] S. Zhao, C. Cunha, F. Zhang, Q. Liu, B. Gloss, K. Deisseroth,

G. J. Augustine, G. Feng, Brain Cell Biol. 2008, 36, 141 – 154.
[374] V. Busskamp, J. Duebel, D. Balya, M. Fradot, T. J. Viney, S.

Siegert, A. C. Groner, E. Cabuy, V. Forster, M. Seeliger, M.
Biel, P. Humphries, M. Paques, S. Mohand-Said, D. Trono, K.
Deisseroth, J. A. Sahel, S. Picaud, B. Roska, Science 2010, 329,
413 – 417.

[375] B. Y. Chow, X. Han, A. S. Dobry, X. Qian, A. S. Chuong, M. Li,
M. A. Henninger, G. M. Belfort, Y. Lin, P. E. Monahan, E. S.
Boyden, Nature 2010, 463, 98 – 102.

[376] I. Diester, M. T. Kaufman, M. Mogri, R. Pashaie, W. Goo, O.
Yizhar, C. Ramakrishnan, K. Deisseroth, K. V. Shenoy, Nat.
Neurosci. 2011, 14, 387 – 397.

Biochemical Photoswitches
Angewandte

Chemie

8475Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/bc200063m
http://dx.doi.org/10.1021/bc200063m
http://dx.doi.org/10.1002/ange.201002243
http://dx.doi.org/10.1002/anie.201002243
http://dx.doi.org/10.1002/anie.201002243
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2547::AID-ANGE2547%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2393::AID-ANIE2393%3E3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2393::AID-ANIE2393%3E3.0.CO;2-7
http://dx.doi.org/10.1039/c0ob00432d
http://dx.doi.org/10.1039/c0ob00432d
http://dx.doi.org/10.1021/ja055983k
http://dx.doi.org/10.1021/ja055983k
http://dx.doi.org/10.1246/cl.2011.482
http://dx.doi.org/10.1246/cl.2011.482
http://dx.doi.org/10.1002/chem.201100215
http://dx.doi.org/10.1002/chem.201100215
http://dx.doi.org/10.1021/ja037248j
http://dx.doi.org/10.1021/ja037248j
http://dx.doi.org/10.1093/nass/49.1.35
http://dx.doi.org/10.1093/nass/49.1.35
http://dx.doi.org/10.1038/nprot.2006.465
http://dx.doi.org/10.1021/nl9011694
http://dx.doi.org/10.1073/pnas.1018358108
http://dx.doi.org/10.1002/ange.200803496
http://dx.doi.org/10.1002/anie.200803496
http://dx.doi.org/10.1021/ja1024782
http://dx.doi.org/10.1021/ja1024782
http://dx.doi.org/10.1002/ange.201004548
http://dx.doi.org/10.1002/anie.201004548
http://dx.doi.org/10.1002/ange.200907082
http://dx.doi.org/10.1002/ange.200907082
http://dx.doi.org/10.1002/anie.200907082
http://dx.doi.org/10.1002/anie.200907082
http://dx.doi.org/10.1016/j.bmcl.2011.06.119
http://dx.doi.org/10.1016/j.bmcl.2011.06.119
http://dx.doi.org/10.1073/pnas.0812402106
http://dx.doi.org/10.1073/pnas.0812402106
http://dx.doi.org/10.1002/ange.200902183
http://dx.doi.org/10.1002/anie.200902183
http://dx.doi.org/10.1016/j.bmcl.2010.02.109
http://dx.doi.org/10.1016/j.bmcl.2010.02.109
http://dx.doi.org/10.1021/nl101829m
http://dx.doi.org/10.1021/nl101829m
http://dx.doi.org/10.1039/c1cc10893j
http://dx.doi.org/10.1021/nn204007y
http://dx.doi.org/10.1002/ange.201106093
http://dx.doi.org/10.1002/ange.201106093
http://dx.doi.org/10.1002/anie.201106093
http://dx.doi.org/10.1002/anie.201106093
http://dx.doi.org/10.1039/b710287a
http://dx.doi.org/10.1021/cr078213v
http://dx.doi.org/10.1007/s10529-006-9193-5
http://dx.doi.org/10.1007/s10529-006-9193-5
http://dx.doi.org/10.1016/j.conb.2011.10.024
http://dx.doi.org/10.1016/j.conb.2011.10.024
http://dx.doi.org/10.1016/j.conb.2004.05.004
http://dx.doi.org/10.1146/annurev-neuro-061010-113817
http://dx.doi.org/10.1146/annurev-neuro-061010-113817
http://dx.doi.org/10.1073/pnas.1936192100
http://dx.doi.org/10.1073/pnas.1936192100
http://dx.doi.org/10.1038/nature05744
http://dx.doi.org/10.1126/science.1072068
http://dx.doi.org/10.1038/nn1525
http://dx.doi.org/10.1073/pnas.0509030102
http://dx.doi.org/10.1073/pnas.0509030102
http://dx.doi.org/10.1016/j.neures.2005.10.009
http://dx.doi.org/10.1016/j.neures.2005.10.009
http://dx.doi.org/10.1016/j.cub.2005.11.032
http://dx.doi.org/10.1038/nmeth975
http://dx.doi.org/10.1111/j.1471-4159.2010.07148.x
http://dx.doi.org/10.1038/nature07926
http://dx.doi.org/10.1038/nature08241
http://dx.doi.org/10.1038/nmeth.1524
http://dx.doi.org/10.1038/nature08446
http://dx.doi.org/10.1038/nature08446
http://dx.doi.org/10.1016/j.cell.2005.02.004
http://dx.doi.org/10.1073/pnas.242738899
http://dx.doi.org/10.1073/pnas.242738899
http://dx.doi.org/10.1016/S0896-6273(01)00574-8
http://dx.doi.org/10.1016/S0896-6273(01)00574-8
http://dx.doi.org/10.1016/j.neuron.2006.02.026
http://dx.doi.org/10.1016/j.cub.2006.07.023
http://dx.doi.org/10.1016/j.cub.2008.06.077
http://dx.doi.org/10.1016/j.neuron.2007.03.005
http://dx.doi.org/10.1016/j.neuron.2007.03.005
http://dx.doi.org/10.1038/nn1891
http://dx.doi.org/10.1038/nn1891
http://dx.doi.org/10.1038/nmeth988
http://dx.doi.org/10.1523/JNEUROSCI.3578-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.3578-07.2007
http://dx.doi.org/10.1371/journal.pone.0000299
http://dx.doi.org/10.1007/s11068-008-9034-7
http://dx.doi.org/10.1126/science.1190897
http://dx.doi.org/10.1126/science.1190897
http://dx.doi.org/10.1038/nature08652
http://dx.doi.org/10.1038/nn.2749
http://dx.doi.org/10.1038/nn.2749
http://www.angewandte.org


[377] X. Han, X. Qian, J. G. Bernstein, H. H. Zhou, G. T. Franzesi, P.
Stern, R. T. Bronson, A. M. Graybiel, R. Desimone, E. S.
Boyden, Neuron 2009, 62, 191 – 198.

[378] J. F. Liewald, M. Brauner, G. J. Stephens, M. Bouhours, C.
Schultheis, M. Zhen, A. Gottschalk, Nat. Methods 2008, 5, 895 –
902.

[379] Q. Liu, G. Hollopeter, E. M. Jorgensen, Proc. Natl. Acad. Sci.
USA 2009, 106, 10823 – 10828.

[380] F. Zhang, M. Prigge, F. Beyri	re, S.. Tsunoda, J. Mattis, O.
Yizhar, P. Hegemann, K. Deisseroth, Nat. Neurosci. 2008, 11,
631 – 633.

[381] O. Yizhar, L. E. Fenno, T. J. Davidson, M. Mogri, K. Deisser-
oth, Neuron 2011, 71, 9 – 34.

[382] A. Berndt, O. Yizhar, L. A. Gunaydin, P. Hegemann, K.
Deisseroth, Nat. Neurosci. 2009, 12, 229 – 234.

[383] L. A. Gunaydin, O. Yizhar, A. Berndt, V. S. Sohal, K. Deisser-
oth, P. Hegemann, Nat. Neurosci. 2010, 13, 387 – 392.

[384] J. Y. Lin, M. Z. Lin, P. Steinbach, R. Y. Tsien, Biophys. J. 2009,
96, 1803 – 1814.

[385] L. Wen, H. Wang, S. Tanimoto, R. Egawa, Y. Matsuzaka, H.
Mushiake, T. Ishizuka, H. Yawo, PLoS ONE 2010, 5, e12893.

[386] S. Kleinlogel, K. Feldbauer, R. E. Dempski, H. Fotis, P. G.
Wood, C. Bamann, E. Bamberg, Nat. Neurosci. 2011, 14, 513 –
518.

[387] F. Zhang, J. Vierock, O. Yizhar, L. E. Fenno, S. Tsunoda, A.
Kianianmomeni, M. Prigge, A. Berndt, J. Cushman, J. Polle, J.
Magnuson, P. Hegemann, K. Deisseroth, Cell 2011, 147, 1446 –
1457.

[388] S. Kleinlogel, U. Terpitz, B. Legrum, D. Gokbuget, E. S.
Boyden, C. Bamann, P. G. Wood, E. Bamberg, Nat. Methods
2011, 8, 1083 – 1088.

[389] H. E. Kato, F. Zhang, O. Yizhar, C. Ramakrishnan, T.
Nishizawa, K. Hirata, J. Ito, Y. Aita, T. Tsukazaki, S. Hayashi,
P. Hegemann, A. D. Maturana, R. Ishitani, K. Deisseroth, O.
Nureki, Nature 2012, 482, 369 – 374.

[390] P. Anikeeva, A. S. Andalman, I. Witten, M. Warden, I. Goshen,
L. Grosenick, L. A. Gunaydin, L. M. Frank, K. Deisseroth, Nat.
Neurosci. 2012, 15, 163 – 170.

[391] J. G. Bernstein, X. Han, M. A. Henninger, E. Y. Ko, X. Qian,
G. T. Franzesi, J. P. McConnell, P. Stern, R. Desimone, E. S.
Boyden, Proc. Soc. Photo-Opt. Instrum. Eng. 2008, 6854,
68540H.

[392] J. P. Rickgauer, D. W. Tank, Proc. Natl. Acad. Sci. USA 2009,
106, 15025 – 15030.

[393] E. Papagiakoumou, F. Anselmi, A. Begue, V. de Sars, J.
Gluckstad, E. Y. Isacoff, V. Emiliani, Nat. Methods 2010, 7,
848 – 854.

[394] J. N. Stirman, M. M. Crane, S. H. Husson, S. Wabnig, C.
Schultheis, A. Gottschalk, H. Lu, Nat. Methods 2011, 8, 153 –
158.

[395] A. M. Leifer, C. Fang-Yen, M. Gershow, M. J. Alkema, A. D.
Samuel, Nat. Methods 2011, 8, 147 – 152.

[396] B. K. Andrasfalvy, B. V. Zemelman, J. Tang, A. Vaziri, Proc.
Natl. Acad. Sci. USA 2010, 107, 11981 – 11986.

[397] P. S. Lagali, D. Balya, G. B. Awatramani, T. A. Munch, D. S.
Kim, V. Busskamp, C. L. Cepko, B. Roska, Nat. Neurosci. 2008,
11, 667 – 675.

[398] V. Gradinaru, M. Mogri, K. R. Thompson, J. M. Henderson, K.
Deisseroth, Science 2009, 324, 354 – 359.

[399] W. J. Alilain, X. Li, K. P. Horn, R. Dhingra, T. E. Dick, S.
Herlitze, J. Silver, J. Neurosci. 2008, 28, 11862 – 11870.

[400] T. Bruegmann, D. Malan, M. Hesse, T. Beiert, C. J. Fuegemann,
B. K. Fleischmann, P. Sasse, Nat. Methods 2010, 7, 897 – 900.

[401] M. Stierl, P. Stumpf, D. Udwari, R. Gueta, R. Hagedorn, A.
Losi, W. Gartner, L. Petereit, M. Efetova, M. Schwarzel, T. G.
Oertner, G. Nagel, P. Hegemann, J. Biol. Chem. 2011, 286,
1181 – 1188.

[402] M. H. Ryu, O. V. Moskvin, J. Siltberg-Liberles, M. Gomelsky, J.
Biol. Chem. 2010, 285, 41501 – 41508.

[403] X. Wang, X. Chen, Y. Yang, Nat. Methods 2012, 9, 266 – 269.
[404] C. Ran, Z. Zhang, J. Hooker, A. Moore, Mol. Imaging Biol.

2011, 1 – 7.

.Angewandte
Reviews

A. Gottschalk et al.

8476 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 8446 – 8476

http://dx.doi.org/10.1016/j.neuron.2009.03.011
http://dx.doi.org/10.1038/nmeth.1252
http://dx.doi.org/10.1038/nmeth.1252
http://dx.doi.org/10.1073/pnas.0903570106
http://dx.doi.org/10.1073/pnas.0903570106
http://dx.doi.org/10.1038/nn.2120
http://dx.doi.org/10.1038/nn.2120
http://dx.doi.org/10.1016/j.neuron.2011.06.004
http://dx.doi.org/10.1038/nn.2247
http://dx.doi.org/10.1038/nn.2495
http://dx.doi.org/10.1016/j.bpj.2008.11.034
http://dx.doi.org/10.1016/j.bpj.2008.11.034
http://dx.doi.org/10.1371/journal.pone.0012893
http://dx.doi.org/10.1038/nn.2776
http://dx.doi.org/10.1038/nn.2776
http://dx.doi.org/10.1016/j.cell.2011.12.004
http://dx.doi.org/10.1016/j.cell.2011.12.004
http://dx.doi.org/10.1038/nmeth.1766
http://dx.doi.org/10.1038/nmeth.1766
http://dx.doi.org/10.1038/nature10870
http://dx.doi.org/10.1073/pnas.0907084106
http://dx.doi.org/10.1073/pnas.0907084106
http://dx.doi.org/10.1038/nmeth.1505
http://dx.doi.org/10.1038/nmeth.1505
http://dx.doi.org/10.1038/nmeth.1555
http://dx.doi.org/10.1038/nmeth.1555
http://dx.doi.org/10.1038/nmeth.1554
http://dx.doi.org/10.1073/pnas.1006620107
http://dx.doi.org/10.1073/pnas.1006620107
http://dx.doi.org/10.1038/nn.2117
http://dx.doi.org/10.1038/nn.2117
http://dx.doi.org/10.1126/science.1167093
http://dx.doi.org/10.1523/JNEUROSCI.3378-08.2008
http://dx.doi.org/10.1038/nmeth.1512
http://dx.doi.org/10.1074/jbc.M110.185496
http://dx.doi.org/10.1074/jbc.M110.185496
http://dx.doi.org/10.1074/jbc.M110.177600
http://dx.doi.org/10.1074/jbc.M110.177600
http://dx.doi.org/10.1038/nmeth.1892
http://www.angewandte.org

