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ABSTRACT: The auxin-inducible degron (AID) system degrades target proteins rapidly in a controllable manner. Although this is a 
highly versatile technique for studying protein functionality, protein degradation with spatiotemporal resolution is not currently 
possible. Herein, we describe a photoswitchable AID using a light active auxin derivative for reversible and site-specific protein 
degradation with temporal resolution. 

Conditional protein depletion is a powerful technique to 
study protein functionalities.1,2 The auxin-inducible degron 
(AID) system is extensively used to harness conditional protein 
degradation.3–9 In non-plant cells expressing Oryza sativa TIR1 
(OsTIR1)-modified E3-ligase exogenously, the protein of 
interest (POI) fused with mini-Auxin-inducible degron (mAID) 
tag is effectively degraded in the presence of the auxin ligand.10 
The ligand acts as a molecular glue between the degron-tagged 
POI and E3-ligase to degrade the protein by inducing the 
proximal ubiquitination of the POI. Protein functionality in 
complex biological systems has been studied using the AID 
system owing to its i) highly specific, rapid, and complete 
protein degradation abilities in the cytoplasm and nucleus of 
human cells and ii) reversible nature that can be immediately 
restored by removing the ligand.5,10 Although AID is an 
excellent method for studying protein functionality, spatial 
control of protein degradation, such as targeted degradation in 
specific cells in a cell population, is impossible. Moreover, 
washing the auxin ligand to achieve reversibility is not a 
rational choice when continuous data acquisition is necessary 
with a stable medium to monitor a real-time dynamic biological 
process. Our group and others have achieved spatiotemporal 
control over various biological systems by integrating 
molecular photoswitches into the structure of biologically 
active small molecules11-13 including proteolysis targeting 
chimeras (PROTACs)14–17 which are deeply relevant to the 
present work.  

Herein, we describe a photoswitchable AID (PAID) system, 
using a photoswitchable auxin to facilitate precise 
spatiotemporal control of conditional protein degradation. The 
auxin derivative was photoswitched reversibly between an 
agonist and antagonist depending on the wavelength of 
irradiation light, which degraded proteins with a remarkable 
325-fold change in the half-maximal effective concentration 
(EC50) values. Proteins were degraded in a site-specific manner 
with a spatial resolution of several hundred micrometers. 
Furthermore, protein degradation and subsequent re-expression 
were reversibly controlled simply by altering the irradiated light 
conditions without requiring to change the medium. 

5-Phenyl-indole-3-acetic acid and OsTIR1F74G-E3 ligase 
induced a rapid and target-specific AID-based protein 
degradation with nanomolar ligand concentrations.17 A bump-
and-hole strategy achieved by creating a suitable auxin with a 
bump and the genetically engineered TIR1 with a hole 
orthogonally triggers auxin signaling in vivo both at the 
transcriptomic level and in specific developmental contexts 
without interfering with endogenous auxin.18 We hypothesized 
that conditional protein degradation with spatiotemporal 
resolution could be achieved with structurally dissimilar 
photoisomers via the orthogonal binding approach (Figure 1a). 
We separately introduced a phenylazo moiety at the 5- and 6-
positions of indole-3-acetic acid (IAA) to obtain 
photoswitchable 5-phenylazo-IAA (1) and 6-phenylazo-IAA 
(2), respectively (Figures 1b and 1c), which were characterized 
via proton (1H) and carbon (13C)-nuclear magnetic resonance 
(NMR) and electrospray ionization (ESI) mass spectroscopy 
(Figures S22–S38). The photophysical properties and 
photoisomerization of 1 and 2 were analyzed in acetonitrile at 
25 °C (Figures 1d–f, S1, S2 and Table S1). E-1 and E-2 show a 
strong π–π* and weak n–π* (~430 nm) absorbance in the 
ultraviolet (UV) and visible (vis) regions, respectively. The 
photoswitching (E→Z) of 1 and 2 was performed under 365 nm 
UV and 405 nm vis light irradiation, respectively. The π–π* 
transition band of Z isomers shifts toward a shorter wavelength, 
accompanied by a considerable decrease in intensity, and the 
intensity of the n–π* band increases. In acetonitrile at 360 nm 
photostationary state (PSS), E→Z conversion was 95% and 
89% for 1 and 2, respectively (Figures S3 and S4). The reverse 
photoisomerization was achieved under 525 nm light irradiation 
(Z→~75% of E-1 or E-2). 1 and 2 show slow thermal reverse 
isomerization in acetonitrile (Figure 1f) but a relatively fast 
thermal reverse isomerization in water. The Z→E thermal back 
half-life (t1/2) of 1 and 2 are 9.6 min and 14.7 s at 37 °C in an 
aqueous medium, respectively (Figures S5 and S6). 1 and 2 are 
highly robust, which exhibit several photoisomerization cycles 
without fatigue (Figures 1e and S1). Theoretical calculation 
predicted a straight E isomer and bent Z isomer with two 
aromatic rings partly facing each other in the ground state 
(Figure 1d; Tables S5 and S6). E and Z isomers of 1 and 2 are 



 

stable in aqueous media containing 1 mM glutathione, an 
intracellular reductant. (Figure S7).

   
Figure 1. Photoswitchable auxin for conditional protein degradation. a) On–off conditional protein degradation with photoswitchable 
molecular glue. b) Design and c) synthesis of photoresponsive auxin. d) Isomerization condition and structural dissimilarity (ground state 
optimized geometry) of E and Z photoisomers of 1. e) Absorption spectra of 1 in acetonitrile at 25 °C before light irradiation at different 
PSSs. The photostability of photoisomerized ligands (inset). f) Photoisomerization quantum yield (Ф), Z→E t1/2, and the ratio of E and Z 
isomers in the PSS of 1 and 2 in acetonitrile at 25 °C. g) Fluorescence microscopy of HAP1 cells expressing OsTIR1F74G and mAID–EGFP–
NLS before and after 4 h treatment with DMSO (control) and 10 nM 1 in dark and illuminated conditions. h) Western blot of mAID–EGFP–
NLS (detected using anti-EGFP antibody) with 1 and 2 in dark and light conditions. β-tubulin was used as a loading control. 

We treated HAP1 cell stably expressing OsTIR1F74G and a 
mAID-fused enhanced green-fluorescent protein with a 
nuclear-localization signal (mAID–EGFP–NLS) reporter6,17,19, 

20 with dimethyl sulfoxide (DMSO; control), 1, or 2 for 4 h at 
37 °C in dark and light to test the gluing ability of the ligands. 
A 365 nm light with 0.2-mW cm−2 intensity and a 405-nm light 
with 0.8 mW cm−2 intensity were used to irradiate 1 and 2, 
respectively, to maintain the Z-rich PSS without affecting cell 
viability. GFP signal intensity decreases in the dark in the 
presence of 10 nM 1 or 10 μM 2 (Figures 1g and S8). Western 
blot analysis confirms the degradation of mAID–EGFP–NLS 
by 1 and 2 (Figure 1h). By contrast, the Z-rich PSS is 
remarkably less efficient to diminish the GFP signal intensity 
with the same ligand concentrations in light. We measured the 
GFP intensity using a flow cytometer to quantify the molecular 
glue effect of ligands in dark and light. GFP intensity decreases 
in a dose-dependent manner (Figures 2a and 2b). In the dark, 
1.26 nM of 1 accomplished 50% of the maximum GFP 
degradation (EC50). By contrast, the EC50 for the Z-rich PSS of 
1 was 410 nM. We hypothesized that only E-1 with 5% 
concentration would degrade the protein in the Z-rich PSS, 

while Z-1 with 95% concentration had no effect. Thus, we used 
the experimental data from 100% E-1 (represented by the black 
line) to derive the theoretical curve of 5% E-1, resulting in the 
blue line with an EC50 of 24.90 nM. However, this deviates from 
the results obtained in the Z-rich PSS experiment (represented 
by the red line). We were compelled to consider the possibility 
that Z-1 is recognized in the auxin binding pocket and acts as a 
competitive inhibitor of E-1 in protein degradation to explain 
this discrepancy. We verified the antagonist nature of the Z-1 
with two additional activity curves in the presence of 2 nM or 
12 nM of Z-1 derived by generating various E/Z isomer ratios 
at PSS365, PSS405, PSS430, PSS470 and PSS525 (Figure S9, Tables 
S2 and S3). The activity curve was shifted towards higher 
agonist (E-1) concentrations as the Z-1 concentration increased 
from 0 nM to 2 nM and then to 12 nM (Figure S10). Utilizing 
the Schild method, we approximated the Kd value of Z-1 as an 
antagonist to be around 1-2 nM (Table S4). The E-agonist/Z-
antagonist nature results in an exceptional ~325-fold switching 
of the corresponding EC50 values.21 The de novo PAID system 
achieved ~84% difference in protein degradation using 10-nM 
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1 (Figure S11). The EC50 of 2 is 6.42 and 18.46 µM in dark and 
light, respectively. 

  
Figure 2. Properties and functionality of PAID technology. Depletion of mAID–EGFP–NLS in HAP-1 cell with a) 1 and b) 2 in the absence 
(black) and presence (red) of light. Calculated degradation of mAID–EGFP–NLS with 5% of E-1 in PSS365 is shown as a blue line (assuming 
Z-1 isomer is completely inefficient to form the OsTIR1F74G-Z1–POI ternary composite). Mean ± S.D., n = 3. The EC50 values are shown in 
the inset. c) Effectiveness of PAID technology for conditional protein degradation in different conditions. Mean ± S.D., n = 3. d) Molecular 
docking of E isomer of 1 and 2 with OsTIR1F74G. Ea represents binding affinity. Docked poses of 5-PhIAA (yellow), E-1 (cyan), and E-2 
(magenta) inside OsTIRF74G superimposed with IAA (green) in IAA–AtTIR1. X-ray crystal structure (PDB–2PIQ) are displayed on the left. 
e) Temporal resolution: the GFP re-expression/degradation controlled with on–off light irradiation. The red bar shows the GFP re-expression 
after removing 1 (medium replacement). Mean ± S.D., n = 3. 

The protein degradation with photoswitchable auxins is 
entirely blocked in the presence of a proteasome inhibitor MG-
132 (Figure S12), indicating that the protein depletion follows 
a proteasomal pathway. The molecular glue was not toxic to the 
cells within the specific working concentrations (Figure S13). 
The effectiveness of the PAID system at various concentrations 
of 1 was estimated by monitoring the GFP expression level at 
different reaction times. Figure 2c shows a linear decay of the 
GFP intensity with time. The slope becomes steeper at higher 
ligand concentrations. This pseudo-zeroth-order kinetics appear 
owing to the high substrate concentration than that of the 
OsTIR1F74G-molecular glue composite concentration.22 50% 
POI was degraded in 129 ± 2 min (reaction T1/2) with 100 nM 
E-1. 

Molecular docking was performed to elucidate the binding 
nature of different isomers within OsTIR1F74G (Figures 2d and 
S14). The 3D structures of OsTIR1 (GeneID-4335696) and 
OsTIR1F74G (the phenylalanine at the 74th position was replaced 
with glycine in the GeneID-4335696) proteins were developed 
with homology model using SWISS-MODEL from AtTIR1 
(PDB-2P1M) as a template (61% identities) with good QMEAN 
score (Figures S15 and S16). The phenyl moiety (bump) of E 
isomers entered the F74G pocket (hole). E isomers were docked 
inside the auxin binding pocket. The binding of the IAA moiety 
of E-1 and E-2 were similar to the IAA ligand binding observed 
in the IAA–AtTIR1 crystal (Figures 2d and S17).23 The 
predicted binding affinities of E-1 and E-2 from docking 
simulation are −7.6 and −5.1 kcal mol−1, respectively. The 
difference in the binding energy correlates well with 
experimental results. Z isomers showed a different orientation 

inside the binding pocket (Figure S14). The bent structure of the 
Z isomers prevented the phenyl ring to dock inside the F74G 
pocket. The binding affinities of Z-1 and Z-2 are −8.0 and −7.4 
kcal mol−1, respectively. It should be noted that the stability of 
the ternary composite (OsTIR1-molecular glue–target protein) 
ultimately regulates the catalytic protein degradation. Our 
theoretical findings corroborate the E-agonist/Z-antagonist 
nature of the photoswitch. 

We selected 1 to study the spatiotemporal resolution of the 
PAID system because of higher photoswitchable gluing 
efficiency. The PAID system can be reversibly switched on–off 
by maintaining a dark or illuminated condition for multiple 
times without affecting the glue efficiency. The POI is re-
expressed by replacing the medium with a molecular glue-free 
medium after protein degradation.3,4,7,17 We tested the GFP 
degradation/re-expression of 1 in 12 h dark/light conditions 
(Figure 2e). ~95% proteins were degraded in 4 h in dark, after 
which the state was maintained. The protein degradation ceased 
in light, and the natural protein re-expression predominated. 
The protein re-expression in the presence of light shows similar 
result to that of solvent replacement (Figure 2e). 
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Figure 3. Spatial resolution of the PAID system obtained with a) 
150 nM 1 with a 525 nm focal irradiation at the bottom and 365 nm 
global irradiation at the top, b) 60 nM 1 and only 365 nm focal 
irradiation at the bottom. Left panels show fluorescence 
microscopy of mAID-EGFP-NLS. The bright field images on the 
right display the cell distribution. Scale bar 200 μm. 

We illuminated 525 nm light for 4 h on a tiny focal area 
(diameter/length ~350 µm) and 365 nm light on the whole area 
(Figure S21a) of the sample containing 150 nM 1 to 
demonstrate spatial resolution. A GFP signal is conspicuously 
absent in the central circular region, while a robust GFP signal 
is present in the surrounding background. (Figure 3a, S18b). 1 
diffuses in the sample but the circular region illuminated by 525 
nm light is photoisomerized from Z-1 to E-1 maintaining an E-
rich PSS. Alternately, the background light at 365 nm induces 
the photoisomerization from E-1 to Z-1, maintaining a Z-rich 
PSS in other regions. Thus, the GFP of cells is decomposed in 
a limited area of ~350 µm without affecting the other areas. 
Figure 3b shows the undecomposed GFP signal of the cell 
obtained by continuously irradiating ~350 µm area using 365 
nm light (Figure S21b). This high contrast is obtained without 
irradiating the background under 525 nm light (Compare Figure 
3b with Figure S19). 1 photoisomerized from E-1 to Z-1 in the 
365 nm light-irradiated area, maintaining the Z-rich PSS 
without the decomposition of the GFP signal. Z-1 generated in 
this area diffuses into the background, but the lifetime of Z-1 in 
the buffer medium is shorter than that of the protein degradation 
rate, and Z-1 thermally returns to E-1. As a result, the E-rich 
state is maintained in the background. Thus, a high contrast of 
the GFP signal is obtained even under a single wavelength. Our 
control experiments have demonstrated that the degradation of 
the target protein at specific sites is not simply a photobleaching 
process, which is facilitated by direct absorption by GFP or 
assisted by azobenzene (Figure S20).  

In conclusion, we developed a PAID system for rapid and 
conditional protein degradation with spatiotemporal resolution. 
The binding of the bump inside the OsTIR1F74G hole strictly 
controlled the gluing efficiency, depending on ligand’s isomer 
structures. Different gluing abilities of E and Z isomers enabled 
the photoswitch to work reversibly in an agonist/antagonist 
manner in dark/light conditions with a 325-fold difference in 
EC50 values. We believe that adding spatiotemporal resolution 
and an on–off switch will improve the present AID system in 
studying protein functionalities and highly dynamic biological 

processes such as cell cycles, neuronal signaling, or immune 
response in multicellular systems. 
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