Photoactive Bifunctional Degraders: Precision
Tools to Regulate Protein Stability

Cyrille S. Kounde and Edward W. Tate*
Department of Chemistry, Imperial College London, Molecular Sciences Research Hub, White City Campus, Wood Lane, London W12 0BZ, United Kingdom.



ABSTRACT

Targeted protein degradation with bifunctional degraders is positioned as a remarkable game-changing strategy to control cellular protein levels and promises a new therapeutic modality in drug discovery. Light activation of a degrader to achieve exquisite spatiotemporal control over protein stability in cells has attracted the interest of multiple research groups, with recent reports demonstrating optical control of proteolysis with chimeric molecules bearing photolabile or photoswitchable motifs. In this context of targeted proteolysis research spurring the emergence of innovative tools, we examine the design, synthesis, and properties of light-activated degraders. The significant impact of this approach in regulating disease-relevant protein levels in a light-dependent manner is highlighted with key examples, and future developments to fully harness the potential of light-induced protein degradation with photoactive bifunctional molecules are discussed.




1. INTRODUCTION
Protein expression levels within a cell are regulated by both pre- and post-translational mechanisms which maintain a fine balance between protein synthesis and protein degradation.1 The ubiquitin-proteasome system (UPS), a key regulator of this balance, operates by tagging proteins with a polyubiquitin chain marking them for destruction at the proteasome.2 Due to its involvement in several cellular processes such as cell cycle control, DNA repair, gene transcription and apoptosis, dysregulation of the UPS is associated with multiple human pathologies including neurodegenerative diseases and cancers,3 and pharmacological modulation of the UPS has been pursued extensively in drug discovery.4 
In the last decade, targeted protein degradation (TPD) has emerged as an innovative approach to exploit the central ubiquitin-tagging mechanism of the UPS to deplete intracellular protein levels.5 TPD relies on the ability of molecular glues or heterobifunctional molecules to bring a target protein and an E3 ligase into close proximity in a ternary complex, leading to small molecule-directed ubiquitination and proteasomal degradation of the target protein.6,7  While molecular glues are single agents which mode of action involves a conformational change of the E3 ligase resulting in the recruitment of neosubstrates,8 bifunctional molecules require two distinct ligands joined together by a linker, whereby the first ligand binds to the target protein and the second ligand recruits the E3 ubiquitin ligase (Figure 1A). Because of their double-headed chemical structure, these compounds were first named proteolysis targeting chimeras (PROTACs).9 They are now established as powerful tools to regulate intracellular protein levels and the first two PROTACs targeting the androgen receptor (ARV-110) and the estrogen receptor (ARV-471) recently entered clinical investigation for the treatment of metastatic castration-resistant prostate cancer or breast cancer, respectively.10 
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Figure 1. PROTAC mode of action and caging concept. (A) The PROTAC mediates the formation of a ternary complex between the protein of interest (POI) and an E3 ligase leading to post-translational modification of the POI with ubiquitin (Ub) and degradation within the proteasome catalytic unit. A caging group can be attached to the ligand recruiting the E3 ligase, to the warhead targeting the POI and potentially to the linker, with the purpose of generating an inactive degrader. Degradation should occur only after removal of the caging group in response to irradiation with the appropriate wavelength of light. (B) Crystal structure of Thalidomide bound to DDB1-CRBN E3 ubiquitin ligase (PDB: 4CI1)11 (left); Crystal structure of VHL ligand bound to pVHL:EloB:EloC complex (PDB: 4W9H)12 (right). Caging group attachment points and exit vectors for the linker appendage are identified by red and black arrows, respectively.

The simplicity and versatility of small molecule TPD over biological strategies (e.g. genetic or RNAi protein silencing) has attracted the interest of chemical biologists and drug discovery scientists alike.13,14 Key benefits of PROTAC-mediated proteolysis include action at the protein level independent of regulation at the RNA level,15 a reversible and catalytic mode of action,16 an enhanced pharmacodynamic effect linked to the removal of all functions of the target including scaffolding capabilities17,18 and the opportunity to degrade proteins lacking a classical ligand binding or enzyme active site.19,20 The latest research efforts around bifunctional degraders have mainly been directed towards expansion of the substrate scope and have provided novel degrading tools for a wide variety of biological targets.21 Likewise, ternary complex formation has been investigated in an attempt to identify rules that will better guide PROTAC design and optimization.22,23
In view of the great opportunity that TPD offers in controlling protein abundance, we and others have envisioned to expand the breadth of PROTAC applications by turning them into light-activated precision tools. Since biological processes regulated by proteins in living organisms are temporally and spatially defined, harnessing light as a tool which also operates in time and space has become a reliable strategy to achieve precise control over many cellular functions.24 In the case of bifunctional degraders, light would allow the non-invasive spatiotemporal control of proteolysis, greatly refining the study of protein degradation. Furthermore, with degraders now progressing into the clinic, it may become important to develop strategies to address their potential on- and off-target liabilities.25 Tissue-selective delivery of PROTACs has been reported by conjugation to antibodies,26,27 and similarly the local application of light to deplete a disease-relevant protein in a tumor or other organ whilst sparing healthy tissue could improve PROTAC selectivity in vivo, and reduce potential toxicity.
Light-induced proteolysis was first explored using optogenetic methods28,29 and was later accomplished with small molecules in genetically modified mammalian cells, as reported by Delacour et al. in 2015.30 The authors developed a photoactivatable version of the plant hormone auxin that promoted the degradation of an expressed target protein fused to an auxin-inducible degron (AID) sequence. Upon irradiation, the released auxin engaged the AID and recruited an E3 ligase for polyubiquitination and final proteasomal lysis of the fused construct. Although conditional degradation with light was achieved, the system required heterologous expression of a plant-derived protein in a mammalian cell to generate an artificial E3 ligase complex. In contrast, several recent reports have described light-induced protein degradation in mammalian cells without engineering the UPS system, by means of bifunctional degraders bearing photolabile or photoswitchable groups.31–37 Combining the attributes of light and PROTAC degradation has delivered promising results which have been highlighted in concurrent reports.38,39 In this miniperspective, we carefully review the design, properties, and applications of these novel precision tools as well as the associated challenges and photopharmacology prospects they bring to the table. 

Whilst photoactive bifunctional degraders have been given diverse names and acronyms in the literature, the general terms “caged degrader” or “caged PROTAC”, and “(photo)switchable [degrader/PROTAC]”, will be used in this report for consistency and clarity.

2. CAGED DEGRADERS: IRREVERSIBLE ACTIVATION
The first strategy investigated to control PROTAC activity with light used a photosensitive appendage on one side of the bifunctional molecule to generate an inactive degrader (Figure 1A). Upon irradiation with UV light, an active degrader is irreversibly released to trigger the disposal of the studied protein. To qualify as suitable chemical tools for biological investigation, the designed caged molecules should be cell permeable, primarily inert as degraders and stable intracellularly before photolysis. Moreover, release of the active degrader should occur in high yield after a minimal irradiation time.40

2.1 CAGING THE CHIMERA: HEADS OR TAILS?
The caged PROTACs reviewed here consist of a ligand for a specific target connected to one of the two most frequently used E3 ligase binders for Cereblon (CRBN) or von Hippel-Lindau (VHL) (Figure 1B). Since the binding modes of these E3 ligands for the respective ubiquitin ligase are well understood, notably through the -NH of the glutarimide group of thalidomide11 and the hydroxyl group of the VHL ligand,12 chemical functionalization with caging groups was mostly conducted on the E3 ligase recruiting part of the PROTAC (Figure 2).31–34 
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Figure 2. Structure of the reported caged PROTACs. Each caged degrader is made of a warhead (depicted in blue), a linker (black), an E3 ligase recruiter (green) and a photocleavable group (red). Compounds 1, 2, 5, 6 and 8 were designed to degrade Bromodomain-containing protein 4 (BRD4) upon irradiation. Compound 4 was designed to degrade the estrogen-related receptor alpha (ERRα) upon irradiation. Compounds 3 and 7 were designed to degrade Bruton tyrosine kinase (BTK) and anaplastic lymphoma kinase (ALK), respectively, upon irradiation.
This design relies on the ability of the caged moiety to prevent crucial binding interactions with the corresponding E3 ligase, thus precluding formation of the key ternary complex needed for ubiquitin transfer. Compounds 2-8 (Figure 2) demonstrated the versatility of the approach, and the range of targets degraded by these molecules following uncaging suggests that caging the E3 binder may deliver optical control of degradation for any functional PROTAC. However, such caged PROTACs may still interact with the target of interest via their warhead and may display activity in a binding, biochemical or cellular assay (vide infra). A caged degrader with attenuated or abolished pharmacological activity may be more advantageous, as it may leave the biological system unperturbed prior to irradiation. However, since degradation of a target protein often induces a greater pharmacodynamic response than its inhibition,41 a caged degrader with fully retained inhibitory activity against its target still represents a useful chemical tool provided its basal activity prior to irradiation is known or evaluated concurrently.
A second approach to generate a photoactivatable PROTAC is to install the caging group on the target-binding moiety of the degrader, in which case, ternary complex formation is impeded due to lack of target engagement (Figure 1A). The only reported example of this kind is caged molecule 1 which showed more than 100-fold loss in binding affinity against its target bromodomain-containing protein 4 (BRD4) compared to parent inhibitor JQ1.31 Unlike the first approach, this design leaves the E3 ligase recruiter of the PROTAC accessible and compound 1 bears a thalidomide ligand that can interact with the E3 ligase Cereblon. 
With regards to E3 ligase-mediated off-target effects due to PROTAC binding, Winter et al. have shown that the uncaged PROTAC for compound 1, dBET1, recruits Cereblon for degradation of BRD2-4 without inducing knockdown of the nuclear factor IKZF3.42 Although Cereblon-induced effects were not expected for caged PROTAC 1, it is important to note that modulation of the E3 ligase partner can sometimes lead to unintentional degradation of novel protein substrates as demonstrated by the work of the Winter lab on phthalimide-based degraders.43 In contrast, indirect modulation of secondary proteins with VHL E3 ligase recruiting PROTACs has not been reported to date, and direct interference with VHL HIF binding or hypoxia regulation generally requires compound concentrations far in excess of those required for degradation by a PROTAC.44 
Considering the importance of the linker in PROTAC mode of action,45 a final option to generate a caged degrader would be to insert the photolabile group on the linker itself (Figure 1A), particularly if chemical functionalization is impractical on the ligands of the degrader. Such an approach would rely on an unfavorable conformation adopted by the caged linker via steric or stereoelectronic effects to adversely impact ternary complex formation, and could be enabled by structural data defining the linker orientation within the ternary complex formed by the parent PROTAC. Otherwise, the challenges of iterating caged linkers to identify a suitable inactive caged degrader suggest that functionalizing the warhead or the E3 ligase ligand with a caging group remains the most practical approach to obtain a caged PROTAC.
	



2.2 CAGING CHEMISTRY AND PHOTOCLEAVAGE
With most caged PROTACs bearing the photoactivatable group on the E3 ligase recruiting moiety, successful synthesis of the caged molecule is dependent on the chemistry that can be performed on the E3 ligase ligand. With the exception of compound 4, all reported caged degraders incorporated a 6-nitroveratryl derived group, also known as 4,5-dimethoxy-2-nitrobenzyl cage (DMNB) (Figure 2). DMNB is a frequently used photoprotecting group which can be activated using UV light with a maximum absorption at 365 nm,46 and has been installed as a carbamate (compounds 2, 3, 6 and 7), an ether (compounds 5 and 8) or a N-alkylated functionality (compound 1). All final molecules were reported as stable intracellularly before irradiation as assessed by western blots. 
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Figure  3. Chemical functionalization of E3 ligase ligands with photolabile groups. Varied strategies have been used to introduce the caging groups via acylation or alkylation with most groups installed relatively early in the synthesis as direct chemical modification of the parent PROTAC in the final step was not always feasible. The yield reported represents the yield of the caging step. “Early” caging refers to a synthetic route in which the caging group was not directly attached to the parent PROTAC as opposed to “late” caging. DBU = 1,8-Diazabicyclo[5.4.0]undec-7-ene, DEACM = diethylamino coumarin, DIPEA = N,N-Diisopropylethylamine, DMNB = 4,5-dimethoxy-2-nitrobenzyl, NaHMDS = Sodium bis(trimethylsilyl)amide,  NPOM = 6-nitropiperonyloxymethyl.

While thalidomide and its derivatives could be efficiently alkylated on their imide portion (Figure 3, caged PROTAC 5), acylation to obtain a carbamate usually required a strong base and was achieved in moderate yields (Figure 3, caged PROTACs 2, 6, 7). Late stage chemistry was also attempted to insert the DMNB group directly on the parent PROTAC of 3 but it delivered the caged molecule in low yield. A final caging step is advantageous, since in theory, a small library of PROTACs could be turned into a set of caged degraders readily, provided the warhead for the POI does not interfere with the chemistry to be performed on the E3 ligand moiety. Comparable to the DMNB group, the diethylamino coumarin (DEACM) of 4 could be activated at 365 nm and also at the longer 405 nm wavelength.32
The photouncaging properties of the final molecules were evaluated in solution before initiating cell work. Upon irradiation for less than 180 seconds, greater than 50% uncaged material was observed in solution for most compounds (caged PROTACs 1, 3, 4, 5 and 8). Interestingly, compound 2 failed to release any significant amount of active PROTAC after irradiation for 10 mins in phosphate buffered saline (PBS) solution and was eventually not tested in cells. On the contrary, compound 6 which was made from the same precursor PROTAC as 2 (dBET1) and carried an identical caging group underwent photolysis to release the active degrader, although a prolonged irradiation time was required to reach significant uncaging in solution (t1/2 = 58 mins, reported time to get 50% uncaging from a 1 mM solution of 6 as measured by UV-Vis). High efficiency in releasing the parent molecule upon irradiation (i.e. good quantum yield) is often a desired feature of a photocage, however, the catalytic mode of action of PROTACs may compensate for this limitation. Despite much slower cleavage kinetics than other caged PROTACs, compounds 6 and 7 did degrade their respective target upon irradiation, and within a concentration range close to their parent PROTAC. 
For VHL-based caged degraders 4 and 8, the chemistry was performed on the hydroxyl group of the VHL ligand. Naro et al. synthesized a DEACM caging group before O-acylating the parent PROTAC at the final stage with a reasonable yield, whereas our group used phase transfer catalysis to successfully install the DMNB group early on via O-alkylation (Figure 3).

2.3 CAGED DEGRADERS IN ACTION
Bromodomain-containing protein 4 (BRD4) 
Degradation of bromodomain and extra terminal (BET) proteins with PROTACs has been explored extensively,47 and BETs are often used as targets to validate new assays and methodologies related to targeted protein degradation. BRD4 is also an important target in oncology due to its role in regulation of several genes associated with cell proliferation and maintenance of cell cycle.48 Therefore, controlling BRD4 stability with light-activated degraders would provide a compelling way to modulate cancer cell proliferation in a spatiotemporal manner. BRD4 degraders such as dBET1, MZ1 or ARV-825 are well-validated chemical tools with potent cellular activity,42,44,49 and have shown promising pharmacodynamic effects in preclinical mouse models.50,51 	
The BRD4-targeting caged PROTACs reviewed here are directly or closely related to dBET1 (compounds 1, 2, 5, 6) or MZ1 (compound 8). Consistent with their fast uncaging kinetics, caged compounds 1, 5 and 8 tested at 1 μM, achieved complete degradation of BRD4 in various cell lines following irradiation at 365 nm for 180 seconds or less. Depletion of BRD4 was generally more pronounced with longer irradiation times, and the kinetics of degradation were very similar to the parent PROTAC using equal concentrations of caged material. The observed knockdown was also confirmed to be E3 ligase- and proteasome-dependent for all compounds and the caged PROTACs 1, 5 and 6 negatively impacted cell survival upon irradiation (up to 39% reduction in cell viability for 5). Work in our laboratory demonstrated that treatment of HeLa cells with caged PROTAC 8 had a cytostatic effect prior to irradiation (an effect attributed to BRD4 inhibition by the free JQ1 warhead) but led to strong cytotoxicity post uncaging (Figure 4A). The consistent increase in toxicity observed upon photolysis of the caged degraders was not related to irradiation alone,34 nor did the by-product generated during photoactivation affected BRD4 levels.32 
To take light-induced degradation with caged molecules one step further, Xue et al. have investigated the knockdown of BRD4 with compound 1 in a Zebrafish model, a widely used species in drug discovery and developmental biology.52 The high BRD4 expression levels during fish embryogenesis combined with the transparency of the embryos allowed the authors to look at light-induced phenotypes originating from BRD4 depletion (Figure 4B and 4C). While non-irradiated embryos treated with 1 developed a full yolk per the 
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Figure 4. Effect of caged PROTACs on cell proliferation and in Zebrafish. (A) HeLa cells were treated with DMSO, caged PROTAC 8 (1 μM) or the uncaged parent PROTAC of 8 (1 μM) either without initial irradiation or with a 60-second irradiation time at 365 nm. Cell count was followed over 6 days. (B) Phenotype of zebrafish embryos treated with dBET1 and caged PROTAC 1 at 24 and 36 hours post-fertilization (hpf). (C) Expression of Brd4 protein in treated embryos examined by Western blot. Images adapted with permission from Ref. [31]. Copyright 2019 American Chemical Society.

DMSO control, embryos irradiated at 365 nm for 10 minutes fail to grow a yolk extension in presence of 1, analogous to treatment with dBET1.
This result represents the first use of light-activated degraders in a complex multicellular organism, and further highlights the important distinction between the pharmacological consequences of inhibition versus degradation.
Estrogen-related receptor alpha (ERRα)
In addition to BRD4, Naro et al. applied the photocaging strategy to a PROTAC targeting estrogen-related receptor alpha (ERRα), an orphan receptor with roles in metabolism, homeostasis, and breast cancer.53 The parent PROTAC of 4 was reported by Bondeson et al. in 2015 and achieved significant reduction of ERRα receptor levels both in MCF-7 cells and in mice.16 The caged degrader 4 was unable to degrade ERRα in the same cell line until it was uncaged by UV light. The relevance of the approach was also highlighted by triggering estrogen receptor alpha (ERα) -dependent transcription (normally repressed in presence of ERRα) in MCF-7 cells transfected with a luciferase reporter gene. ERα-mediated transcription (monitored via the luciferase signal) was triggered by degradation of ERRα, which was in turn initiated upon uncaging of 4.
Bruton tyrosine kinase (BTK) and anaplastic lymphoma kinase (ALK)
Unsurprisingly given their attractiveness as therapeutic targets in cancer, several kinases have been targeted successfully with PROTACs. This includes cyclic dependent kinases (CDKs),54 focal-adhesion kinase (FAK),55 TANK-binding kinase (TBK),56 and receptor tyrosine kinases (RTKs).17 Caged PROTAC 3, which is derived from MT-802, a potent Bruton tyrosine kinase (BTK) degrader developed by the Crews’ lab,57 substantially decreased BTK levels in a dose-dependent manner only following irradiation at 365 nm. Likewise, 7 was designed by caging the anaplastic lymphoma kinase (ALK) degrader MS4078.58 Photoirradiation of 7 strongly reduced cellular levels of oncogenic active ALK fusion proteins, EML4-ALK and NPM-ALK, in NCI-H2228 lung cancer cells and SU-DHL-1 lymphoma cells, respectively. To achieve an antiproliferative effect to the same extent as MS4078 on SU-DHL-1 cells, caged PROTAC 7 required activation by UV light.

3. PHOTOSWITCHABLE DEGRADERS: REVERSIBLE ACTIVATION
The examples above clearly demonstrate the potential of caged degraders as chemical tools to trigger target protein knockdown with timely precision. However, the caging strategy activates proteolysis in an irreversible manner, without the possibility to switch off the degradation event. Conversely, being able to trigger and halt protein degradation on demand would provide a subtle way to control cellular protein levels and associated biological functions. Astute structural modifications of bifunctional degraders with photoswitchable motifs has been devised to accomplish such reversible control.

3.1 PHOTOSWITCH DESIGN: AZOBENZENE AT THE FOREFRONT
Using geometrical isomerism to reversibly control biological processes has been exemplified extensively with azobenzene photoswitches,24 and their chemical tractability and tunable properties also make them an appropriate choice for photoswitchable PROTACs.59 It was hypothesized that incorporation of an azobenzene motif into a bifunctional molecule would allow for major changes in binary and ternary binding interactions to take place upon irradiation due to cis/trans isomerism. This change in configuration would then translate into a distinct degradation profile for each isomer (Figure 5A). As a consequence, turning proteolysis on or off would be feasible with a single molecule, simply by switching between the two geometrical isomers.
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[bookmark: _Hlk48752255][bookmark: _Hlk54642671][bookmark: _Hlk54729169]Figure 5. Photoswitchable degrader design, structures, and activity profiles. (A) The azobenzene motif delivers two geometrical isomers: the cis isomer can be obtained by irradiation of the trans isomer with a specific wavelength λ1 and inversely, the trans isomer can be generated from the cis with either another wavelength λ2 or by thermal relaxation. The difference in conformation between the two isomers affects binding interactions and allows degradation to occur with only one isomer (cis or trans) but not the other. (B) Structure of the reported photoswitchable PROTAC 9 (left). Each degrader is made of a warhead (depicted in blue), an E3 ligase recruiter (green) and a photoswitch (red) as part of the linker (black).  Immunoblot analysis after treatment of Ramos cells with compound 9 (right). The trans isomer of 9 degraded BRD2 while the cis isomer did not affect BRD2 levels. Image adapted with permission from Ref.[35]. Copyright 2019 American Chemical Society. (C) Structure of the reported photoswitchable PROTAC 10 (left). Immunoblot analysis after treatment of RS4;11 cells with compound 10 (right). The cis isomer of 10 knocked down BRD2, BRD3 and BRD4 while the trans isomer did not degrade any BRD. Image adapted with permission from Ref.[36] Copyright 2020 AAAS. (D) Structure of the reported photoswitchable PROTAC 11 (left).  Immunoblot analysis following treatment of K562 cells with compound 11 (right). The trans isomer of 11 was efficient in reducing levels of BCR-ABL and ABL while its cis counterpart showed no degradation activity. Image adapted with permission from Ref.[37]. Copyright 2020 American Chemical Society.

[bookmark: _Hlk42017764]As previously mentioned, the linker that connects the two ligands of a PROTAC plays a critical role in a degrader’s efficacy.13 Parameters such as  composition and length of the linker can have a profound impact on a degrader’s physicochemical properties as well as its conformation.60 Taking this into account, the Carreira and Jian labs engineered the azobenzene switch as a central linker positioned between the E3 ligand and the warhead against the target protein (Figure 5B and 5D, compounds 9 and 11).35,37 Moreover, in their search for a bistable PROTAC which does not require continuous irradiation (i.e. thermodynamically stable as a trans isomer with a long cis thermal half-life), the Carreira lab incorporated into compound 9 an ortho-F4-azobenzene motif reported to possess  
	Characteristics
	9
	10
	11

	Photoswitch type
	ortho-F4-azobenzene
	azobenzene
	azobenzene

	Activity profile obtained
	trans active / cis inactive
	cis active / trans inactive
	trans active / cis inactive

	E3 ligand / E3 recruited
	VH032 / VHL
	lenalidomide / Cereblon
	lenalidomide / Cereblon

	Warhead / Protein degraded
	JQ1 / BRD2
	JQ1 / BRD4
	Dasatinib / BCR-ABL

	Isoform degradation profile
	BRD4 not degraded
	BRD4, BRD3 > BRD2
	ABL degraded

	Main irradiation mode[a]
	Single initial irradiation
	Continuous pulse irradiation
	Single initial irradiation

	λ  trans to cis / PSS[b]
	530 nm / 68% cis
	390 nm / >90% cis
	UVC[c]

	λ  cis to trans  / PSS[b]
	415 nm / 95% trans
	>450 nm / >70% trans
	White light[c]

	cis half-life
thermal relaxation[d]
	several days (37˚C, DMSO)
	8.8 h (37˚C, DMSO)
	10.3 h (25˚C)

	photoswitch resistance
	---
	multiple cycles tested
	5 cycles tested

	[bookmark: _Hlk54565421]In-cell activation and deactivation of degradation
	achieved
	achieved
	achieved

	Stability towards GSH reduction
	stable
	---
	stable



Table 1. Diverse characteristics and degradation profiles (cis vs trans) of photoswitchable degraders 9, 10 and 11. The type of photoswitch, E3 ligase ligand and warhead used can all affect degradation. [a] Varied light sources used in these studies; refer to original publications for details. [b] PSS = photostationary state, reported as percentage of cis at equilibrium after irradiation at λ. [c] wavelength not specified, no PSS data. [d] measured in the dark.

prolonged half-life.61 Bistable cis/trans isomers may prove beneficial to outcompete fast protein resynthesis (i.e. in the case of proteins with a high turnover), as higher concentrations of the desired isomer would be maintained without light stimulation contrary to fast relaxing switches.
In parallel, the Trauner lab investigated multiple positions for the azobenzene group and their most promising molecule adapted the phenyl ring of the E3 ligase ligand lenalidomide as an integral part of the photoswitch (Figure 5C, compound 10).36 Synthesis of the highlighted tool compounds 9-11 was mainly achieved via conventional azo coupling to obtain the photoswitch followed by additional amide bond formation steps to reach several final molecules in a modular fashion. Key features are summarized in Table 1 and underscore the diversity in optical properties and degradation profiles that can be obtained using an azobenzene photoswitch.
Overall, the thermodynamically more stable trans isomer could be switched to its cis counterpart using UV or visible light and conversion was achieved with satisfactory to excellent photostationary state (PSS) ratios (68% cis for 9, above 90% cis for 10). Compound 9 was reported as bistable since thermal back isomerization from cis to trans was not observed after incubation at 37˚C for several days in solution. Although reasonable cis thermal half-lives were obtained for 10 and 11 (8.8 h and 10.3 h, respectively), the active cis isomer of 10 was mainly tested under continuous pulse irradiation to maximize the intracellular concentration of the active isomer over time. Apart from thermal relaxation, switching back to the trans isomer could also be realized for 9 and 10 with good PSS using another wavelength of light (Table 1). Lastly, in addition to favorable photochemical properties, these novel photoswitchable degraders demonstrated good stability after multiple irradiation cycles and could withstand glutathione without detectable reduction, suggesting they should be stable in cells.

3.2 TAMING THE CHIMERA: ON/OFF SWITCHING	
With regard to degradation activity, the azobenzene photoswitch was generally well tolerated as an atypical linker. The two isomers from compound 9, based on pan-BET degrader ARV-771,62 displayed a different degradation profile towards BRD2 (trans active, cis inactive) while leaving BRD4 unaffected (Figure 5B).This selectivity towards BRD2 was partly attributed to the unusual inverse amide bond connecting JQ1 to the ortho-F4-azobenzene moiety. In contrast, compound 10 showed an opposite activity profile with the cis isomer able to degrade BRD3, BRD4 and to a lesser extent BRD2, whereas the trans isomer was completely inactive towards all BRDs (Figure 5C). With the photoswitch embedded in the E3 ligase ligand, considerable changes in binary interactions (with Cereblon E3 ligase) but also in ternary complex formation would be expected upon isomerization of 10 and presumably lead to this distinctive degradation outcome. As for compound 11, its trans isomer degraded BCR-ABL fusion protein and ABL while its cis isomer did not affect the levels of those proteins (Figure 5D). It is worth noting that although the pairs of isomers of 9, 10 and 11 showed remarkably unique degradation profiles between cis and trans, many of the related compounds synthesized in the course of those studies did not exhibit a clearly differentiated effect. The extensive investigation from Trauner’s lab which reported a total of 19 photoswitchable degraders including 6 targeting the prolyl cis-trans isomerase FKBP12 suggests that linker length is one critical factor among several influencing the activity profile of the two geometrical isomers (Figure 6). Taken together, those results highlight the need for additional tools to guide the design of reversible light-activated degraders, and to better understand their mode of action. 
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Figure 6. Influence of the linker length on FKBP12 photoswitchable PROTAC degradation profile. The warhead is depicted in blue, the E3 ligase recruiter in green and the photoswitch forming part of the black linker is depicted in red. RS4;11 cells were treated with various FKBP12 targeting photoswitchable compounds for 4 h at different concentrations. Cells were either irradiated with pulses of 390 nm light (cis) or kept the dark (trans). 

Finally, reversible initiation or arrest of proteolysis upon photoisomerization was an important proof of concept result demonstrated with compounds 9, 10 and 11. In-cell bidirectional switching was achieved using two separate wavelengths and could also be accomplished via thermal relaxation in the case of 10. This two-way on/off mechanism, which is strictly dependent on the photoswitchable PROTAC configuration, undoubtedly represents an important milestone in the spatiotemporal control of protein stability with a small molecule. To further illustrate the benefit of this approach, the effect of photoswitchable degrader 10 on cell viability was correlated with degradation of BRDs by the cis isomer. 10 was seven times more toxic when irradiated at 390 nm (cis isomer) than when incubated in the dark (trans isomer). 

4. SUMMARY AND OUTLOOK
Bifunctional degraders can be engineered into light-activated chemical tools with photocaging or photoswitchable functionalities, providing a compelling method for the spatiotemporal control of protein stability. Inherently, caged degraders can only switch on proteolysis via a relatively fast uncaging mechanism, mainly triggered by UV light, and which generates a by-product. As for photoswitchable degraders, their azobenzene motif allows isomerization within the visible wavelength range and offers a bidirectional on/off handle with a superior level of control, even though they may not deliver quantitative switching. Indeed, residual activity from small quantities of active isomer present in the PSS may compromise the pharmacological applications of switchable PROTACs and the stringency of switching required is likely to depend on the specific application. Furthermore, we note that PROTACs already present difficult profiles for oral delivery and balancing the physicochemical properties of two PROTAC isomers may present additional challenges of optimization.
Although bistable switchable degraders (such as compound 9) avoid the need for continuous irradiation, fast relaxing switches may find useful applications, particularly if sustained degradation can be attained after transient generation of the bioactive cis isomer and on- or off-target toxicities minimized by subsequent fast inactivation. A tight-binding PROTAC could be retained by its target proteins for a prolonged period in the cell, and thermal reversion may assist in taming extended pharmacodynamics. Decisions on optimal half-lives needed for the active isomer may ultimately depend on the target protein and specific applications pursued, and it remains unclear whether this automatic “switch off” characteristic would offer any benefit over tuning half-life through inactivation by metabolism or excretion. 
We also note that caging of the E3 ligase component of a PROTAC (compounds 3-8) is straightforward, highly modular, and offers a mechanistically predictable outcome in switching on degradation upon photoirradiation. In comparison, the reports to date on photoswitchable degraders reveal that incorporation of a photoswitch into a bifunctional molecule can be explorative and identification of geometrical isomers with distinct degradation potency may require multiple synthetic iterations. More importantly, explanation of the observed structure-degradation profiles (which may also be target-dependent) has yet to be provided at a molecular level for photoswitchable degraders, and will certainly require a combination of biophysical and computational methods not only to understand the data a posteriori, but also to guide future design. 
Selective and differential degradation of closely related proteins (i.e. proteins within a subfamily or isoforms) is another aspect worthy of investigation with photoswitchable degraders. This singular characteristic of PROTACs has mainly been described for kinase-targeting degraders,63,64 and the data from Pfaff et al. (BRD2 selective degradation with trans isomer of 9) encourages further exploitation of this feature with a photoswitch design. Differential degradation of structurally related proteins upon configurational change of the degrader could permit more precise targeting and study of protein function.
Equipped with the capacity to degrade proteins via a light-dependent mechanism and consequently modulate cellular functions, photoactive degraders have strong potential for development into the field of photopharmacology provided constraints associated with their physicochemical properties can be overcome.65 The incorporation of lipophilic photolabile groups and the use of azobenzene units into degraders place these compounds into an undesired drug property space. Despite their high molecular weight and high lipophilicity, the caged and photoswitchable PROTACs reviewed here displayed sufficient cell permeability and stability to achieve controlled intracellular protein knockdown. We anticipate that the progression of such tool compounds in vivo (in animal models or in the clinic) will necessitate careful assessment and optimization of their pharmacokinetic properties while preserving their favorable photochemical features.66 
Finally, due to activating wavelengths within the UV-visible range, in vivo applications of photoactive PROTACs may be limited by light-induced cellular damage (if long irradiation times with UV light are needed) and poor tissue penetration of the incident light. Alongside sophisticated light-delivery methods,67 strategies to develop photocaging groups and photoswitches activated in the red and near infrared regions are rapidly emerging.68 Incorporation of these innovations in the design of novel photoactive bifunctional degraders will allow deeper in vivo exploration and manipulation of biological pathways, and may ultimately enable advances in precision medicine.
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