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Photopharmacology

Rewiring biology to 
respond to light
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Retinal – Nature‘s photoswitch
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Azobenzene – A synthetic photoswitch
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Azologization of common pharmacophores (“Azosters“) 
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Azosters - Examples
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Modalities of Photopharmacology

Photochromic Ligand
(PCL)

Photoswitchable Orthogonal
Remotely Tethered Ligand

(PORTL)

Chem. Rev. 2018, 118, 21, 10710-10747
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Synthesis of azobenzenes – Azo coupling

e--rich
aromatic

nucleophile

Chem. Soc. Rev., 2011,40, 3835–3853
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Synthesis of azobenzenes – Baeyer-Mills reaciton
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Optical control of ion channels
Nat. Neurosci. 7, 1381–1386 (2004).

Voltage-gated K+ ion channel à Light-gated K+ ion channel
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Background: Action potential (AP) firing in neurons

à Depolarization driven by activation of voltage-
gated sodium channels (influx of Na+ ions)

à Activation of voltage-gated potassium 
channels at peak

à Efflux of K+ ions driving force for repolarization 
and hyperpolarization
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Optical control of ion channels
Nat. Neurosci. 7, 1381–1386 (2004).

Voltage-gated K+ ion channel à Light-gated K+ ion channel
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Synthesis of MAL-AZO-QA 
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Design of SPARK (synth. photoisomerizable azobenzene-
regulated K+ ion channel)
§ Site-selective conjugation to Cys via 1,4-Thiol-Michael-Addition (MAL)

§ QA pore blocker for “SHAKER“ K+ ion channels

§ blocks pore only in stretched trans-AZO configuration (DdMAL-QA trans ≈ 17  Å; DdMAL-QA cis ≈ 10  Å)

E422C
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Reversible optical control of SPARK channels in oocytes

100 µM MAL-AZO-QA for 30 min; alternating irradiation
with Vis. (500 nm) and UV (380 nm) light

100 µM MAL-AZO-QA for 30 min; biexponential decrease in 
current corresponds to thermal relaxation of azobenzene
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Spectral sensitivity and photoconversion rates

Wavelength-dependent blocking (500 nm) and
unblocking (340-420 nm) of SPARK channels

Rates of SPARK channel blocking during
irradiation with indicated wavelenghts
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Controlling neuronal excitability with MAL-AZO-QA

Silencing of AP firing in neurons 
upon illumination with 390 nm light
and reviving by exposure to 500 nm 

light

Repetitive AP firing in 500 nm light (left), but only 
a single AP in 390 nm light

(depicted are single-cell traces of 5 neurons)
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Controlling neuronal excitability with MAL-AZO-QA

§ 390 nm light decreased number of APs in 
cultured neurons by 79 %

§ No effect on cells treated with MAL-AZO-
QA only

§ No effect on cells expressing Shaker 
channels only

à Non-invasive and reversible control of AP firing in living neurons with spatial and temporal control
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Potential application & Outlook

§ Spatiotempral precision allows dissection of neuronal networks in vitro and in vivo

§ Strategy may be extended to ionotropic (ligand-gated ion channels) or metabrotoic receptors by 
replacement of QA with corresponding ligand

§ Vision Restoration: conferring light-sensitivity on endogenous neuronal ion channels to restore retinal 
light response in mice (e.g. Sci Rep 7, 45487 (2017). https://doi.org/10.1038/srep45487)



Max Planck Institute for Medical Research – Johnsson Lab 20

Further Reading

§ https://pubs.acs.org/doi/abs/10.1021/acs.accounts.5b00129

§ https://pubs.acs.org/doi/10.1021/cr300179f

§ https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.8b00037

https://pubs.acs.org/doi/abs/10.1021/acs.accounts.5b00129
https://pubs.acs.org/doi/10.1021/cr300179f
https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.8b00037


Chemogenetic control of nanobodies
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GFP fusion proteins are abundant

4159 EGFP-tagged
open reading frames

PDBID: 3K1K

GFP
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The “enhancer” nanobody binds GFP

GFP

Nat. Struct. Mol. Biol. 2010, 17, 133-38. 

Nanobody
Nanobody

wtGFP absorption spectra
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PDBID: 3K1K



Bacterial dihydrofolate reductase (DHFR) can be circularly permutated 

DHFR

Ligands

New termini

G5 linker
PDBID: 1RH3

NADPH
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LAMAs: Ligand-based Affinity Modulator of Antibody-fragments
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LAMA: “OFF”LAMA: “ON”
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The LAMA is reversibly turned “on” and “off”
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GFP LAMAF98

TMP No TMP TMP

GFP LAMAG97

TMP No TMP TMP



Structure of “enhancer” nanobody bound to GFP

PDBID: 3K1K

GFP
Nanobody
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Steric clash between GFP and cpDHFR in LAMA (GFP LAMAF98)

GFPNanobodies

cpDHFR
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LAMAs can localize GFP fusion proteins in live cells
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Cell permeable and fluorogenic probes for multi-colour nanoscopy

Chemical Tools/ Janelia 2019



31

Mislocating Mad2L1 to the mitochondria: Mitotic Checkpoint Override



Chemogenetic control of nanobodies

• GFP LAMAs reversibly localize GFP-fusion proteins in live cells with small molecules

• cpDHFR can be used as an affinity modulator for nanobodies
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LAMA: “OFF”LAMA: “ON”


