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Abstract

:

Nonselective cell damage remains a significant limitation of radiation therapies in cancer. Decades of successful integration of radiation therapies with other medicinal chemistry strategies significantly improved therapeutic benefits in cancer. Advancing in such technologies also led to the development of specific photopharmcology-based approaches that improved the cancer cell selectivity and provided researchers with spatiotemporal control over the degradation of highly expressed proteins in cancer (proteolysis targeting chimeras, PROTACs) using a monochrome wavelength light source. Two specific strategies that have achieved notable successes are photocage and photoswitchable PROTACs. Photocaged PROTACs require a photolabile protecting group (PPG) that, when radiated with a specific wavelength of light, irreversibly release PPG and induce protein degradation. Thus far, diethylamino coumarin for estrogen-related receptor α (ERRα), nitropiperonyloxymethyl (BRD4 bromodomain protein), and 4,5-dimethoxy-2-nitrobenzyl for (BRD4 bromodomain protein, as well as BTK kinase protein) were successfully incorporated in photocaged PROTACs. On the other hand, photoswitches of photoswitchable PROTACs act as an actual ON/OFF switch to target specific protein degradation in cancer. The ON/OFF function of photoswitches in PROTACs (as photoswitchable PROTACs) provide spatiotemporal control over protein degradation, and to an extent are correlated with their photoisomeric state (cis/trans-configuration), showcasing an application of the photochemistry concept in precision medicine. This study compiles the photoswitchable PROTACs targeted to bromodomain proteins: BRD 2, 3, and 4; kinases (BCR-ABL fusion protein, ABL); and the immunophilin FKBP12. Photocaging of PROTACs found successes in selective light-controlled degradation of kinase proteins, bromodomain-containing proteins, and estrogen receptors in cancer cells.
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1. Introduction


The electromagnetic (EM) spectrum contains a range of EM radiations. EM radiations (EMR) are composed of microwaves, infrared (IR) and ultraviolet light (UV), X-rays, and gamma-rays, as shown in Figure 1. These EMRs are characterized mainly by frequency and wavelength. As EM radiation contains electromagnetic vectors (energy), which can affect the resonating frequency of biomolecules at the molecular level, it led to the development of advanced cellular imaging and diagnostics technologies. Despite the immense development of these EMR-based technologies, their nonselective cellular damage still limits their direct and prolonged use for chronic treatments. However, applying UV–VIS light found many applications, such as fluorescence, phosphorescence, and photoactivation. Among these, photoactivation has found a broad implementation in targeting a number of cellular disorders by modifying the signaling pathways from GPCR proteins, ligand-gated ion channels, and other vital cellular components. However, because of the limitation of conventional drug design approaches, there is a paradigm shift in the development of light-activating drug-like molecules. These light-activating molecules provide a spatiotemporal handle over a cellular process. For example, recently, protein degradation approaches showed an application of light to target specific proteins that can be widely used in various types of cancer.




2. Protein Degradation Strategies


Normal cellular functioning requires tight control over the relative rate of biosynthesis and degradation of intracellular proteins. This tight control is continuously monitored by the highly organized intracellular protein signaling systems that commonly comprise multi-partner proteins, communicating in a spatiotemporal way. An alteration in such a sophisticated intracellular cell system leads to catastrophic results, where overexpression of a specific intracellular protein ends up accelerating the disease state advancement. Broadly, strategies devised to eliminate the overexpressed intracellular proteins, where DNA chemical modification leads to protein of interest (POI) knockout at the gene level [1], or RNA interference (RNAi) eradicates the POI expression at the mRNA level [2]. However, such approaches take time to complete the POI depletion and encourage researchers to explore the protein-targeting technologies on the basis of event-driven pharmacology. Notable protein-targeting technologies are TRIM-Away [3], HyTs (low-molecular-weight hydrophobic tags) [4], and PROTACs (proteolysis targeting chimeras) [5]. These techniques utilize the protein degradation assembly of the cell to target specific POI. Moreover, these strategies are flawed with irreversible control over protein degradation, insufficient potencies, and low cellular delivery [6]. Among these, PROTAC design strategies found a wide application against several overexpressed proteins in cancer (EGFR [7], CDK9 [8], TRIM24 [9], Bcl-2 family proteins (Bcl-xL [10,11], Bcl-2 [12], Mcl-1 [12,13]), bromodomain [14,15], tyrosine-protein kinase (c-Met [7], ALK [16]), estrogen-related receptor-α [17], and Tau [18]). Furthermore, successful oral PROTAC (ARV-110) targeting androgen receptors entered into a phase-1 clinical study [19]. PROTACs use the intracellular ubiquitination to induce POI degradation. As illustrated in Figure 2, PROTACs are chemically heterobifunctional, made up of three warheads, represented as Part-A (green), a known drug structure/bioactive molecule that has an affinity towards the protein of interest (POI); Part-B (magenta), the linker region that, in general, works as a connector to connect part-A and part-C; Part-C (orange), a chemical structure that has an affinity to E3 ubiquitin ligase (also called as “E3 ligase ligand”, for example, cereblon (CRBN) or Von Hippel–Lindau (VHL)). However, subsequent binding of chimeric compounds such as PROTACs (or similar compounds such as SNIPERs) to POI and E3 ligase depends on cooperativity, which means that binding of either warhead to their respective proteins (POI or E3-ligase) influences the binding of the remaining warhead to its partner protein. Therefore, a proportion of bifunctional compounds (PROTACs, SNIPERs) forms multiple binary complexes either with POI or E3-ligase, even at high concentrations, and such biophysical limitation is also known as a hook’s effect.



The success of PROTACs is hidden in their mechanism of action when compared with the mechanism of action of conventional inhibitors as a conventional inhibitor requires higher binding affinity to engage themselves to the POI, irrespective of PROTACs, which need to hook themselves with POI, allowing E3 ligase in enough proximity to induce the intracellular ubiquitination of POI (illustrated in Figure 2A). The E3 ligase is a ubiquitin protein that recruits an E2-ubiquitin-conjugating enzyme that has ubiquitin units. After identifying the targeted protein, we find the transfer of ubiquitin from the E2 to the lysine amino acids exposed to the surface of the targeted protein that eventually enables POI degradation. After reaching the intracellular site, PROTAC binds to POI through its POI-recognized warhead, while the warhead on the other side of PROTAC recognizes an E3 ligase protein, ultimately leading to a ternary complex (POI–PROTAC–E3 ligase) formation and facilitating polyubiquitination of the POI, as illustrated in Figure 2A. This polyubiquitin process is an important process that involves transfer of ubiquitin units of the lysine amino acid residues over the POI surface, marking it for its hydrolysis. Therefore, the presence of lysine amino acids over the POI surface plays a decisive role in extending its prolytic hydrolysis.



PROTACs have two salient features in comparison to conventional small-molecule inhibitors (SMI): (a) high potency (sub-micromolar-to-nanomolar) for POI is not a necessary requirement for PROTAC to bind with POI, and therefore incidences of dose-dependent toxicity of PROTACs are quite low and would otherwise also improve their overall therapeutic indexing, (b) PROTACs are unlikely to have the emergence of resistance because of their ability to degrade the POI than inhibit the POI. Therefore, downregulation of POI by any point mutation is less likely possible, and no continuous dosing is required as it is reported that prolonged exposure to POI with inhibitors utilizing occupancy-driven pharmacology alters the utilization of downstream intracellular signaling. Although these advantages show the superiority of PROTACs over SMI-based targeting, they also have their own issues and share design flaws like any medium-to-large-sized heterocyclic structure. As an example, PROTACs have average physicochemical properties because of their molecular obesity (molecular size). Moreover, PROTACs cannot differentiate the normal cells from the disease state cells, and therefore this could cause systemic toxicity and a number of undesired side effects. An example is an excellent regression of castrate-resistant prostate cancer in a mouse model, which was achieved by ARV-771 (a potent BET protein PROTAC), along with skin deterioration at the injection site and systemic cytotoxicity being observed. This exemplifies a requirement for more features incorporated into PROTAC strategies and helps to improve their protein specificity and cell selectivity.



Therefore, photochemical biology tools were explored. On the basis of the incorporation of photoelement type, two strategies were exploited for PROTACs: (a) photoswitches that help in the reversible conformation of PROTACs, where one isomer is biologically active while the other is inactive [20], as shown in Figure 2B, and (b) a photocleavable protecting group (PPG) (caging or photocaging) [21], as displayed in Figure 2C.




3. Intracellular Delivery and Controlling Activation/Deactivation PROTACs


The systematic toxicity of PROTAC is one of the primary concerns of the strategy. To achieve cellular selectivity and targeted protein degradation requires efficient intracellular delivery of PROTACs into the cancer cells and avoiding entry to normal cells. One popular idea was to exploit the overexpressed cancer-specific proteins, which would take benefit of highly expressed cell surface proteins, but lesser-to-none expressed on the normal cell surfaces. In this aspect, the antibody–drug conjugate (ADC) strategies showed high selectivity intracellular delivery of PROTACs into those cancer cells expressing cancer-specific membrane hybrid receptors, for example, insulin receptor/insulin-like growth factor receptors [22,23] and heparin-binding epidermal-growth-factor-like growth factor [24,25]. Molecular obesity because of its large molecular size and peptide backbone hydrolysis towards physiological pH are the two limiting factors for ADC approaches for PROTACs. Therefore, new chemical biology tools that can be coupled with PROTAC strategies were investigated. In this aspect, photocaged PROTACs were developed for targeting POI, as shown in Figure 3.



3.1. Photocaging PROTACs of Estrogen Receptor


Gaining precise control over the biological activity of smaller-sized probes has always interested chemical biologists and medicinal chemists. However, a light-controlled higher spatiotemporal resolution has been exploited as a chemical biology tool [26] and in phototherapies [27], where a specific wavelength of light activates the bioactive molecule.



Deiter’s research group from the Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, developed a coumarin-based photocaged VHL ligand. Initially, the authors investigated an X-ray co-crystal structure (PDB id: 4W9C) to find a tethering point for a photocleavable group onto the VHL ligand [28]. The authors noticed a hydroxyproline moiety buried into the binding cleft that had H-bond interactions with Ser111 and His115, which are critical amino acid residue interactions used to recognize VHL by HIF1-α protein, as shown in Figure 4A [29,30,31]. Moreover, inverting the hydroxyl group stereochemistry of hydroxyproline moiety abolishes all protein degradability of PROTACs [17,32]. On the basis of these facts, the authors rationalized the suitability of the tethering point for the photolabile group in a way that the tethering of the photolabile group would hinder VHL ligand binding to its VHL E3 ligase and can only be activated until irradiated (as shown in Figure 4B). The approach showcases an example of precise spatiotemporal control over photobiology. The authors used carbonate tethering to substitute the hydroxyl group of VHL with a diethylamino coumarin (DEACM) to form ERRα PROTAC-2 (as shown in Figure 4C). Moreover, the authors prepared a version of ERRα PROTAC-2 that does not have a DEACM photolabile group, namely, ERRα PROTAC-1, as a control to assist in their biological study and ensure their photocaging PROTAC approach. Both PROTACs were designed to target an orphan nuclear hormone receptor (estrogen-related receptor α (ERRα)) [17], typically overexpressed in malignant cancers [33]. Using HPLC and mass spectrometry, the DEACM caging group cleaved from the ERRα PROTAC 2 after 3 min of irradiation (λ ≤ 405 nm) and released the acidic functional groups with a pKa < 5 [34].



To understand the photocage PROTAC role of ERRα PROTAC-2, MCF-7 cells (breast cancer cell line) were treated with ERRα PROTAC-1, ERRα PROTAC-2, and DMSO in the absence/presence of UV radiation (λ = 365 nm, 180 s). After 8 h of incubation, the authors used Western blotting to measure the extent of ERRα cellular levels. As anticipated, ERRα PROTAC-1 showed a significant ERRα protein reduction at the cellular level compared to the DMSO-based sample (used as control), which agrees with the previously reported literature [17]. Importantly, even a double concentration of ERRα PROTAC-2 compared to ERRα PROTAC-1 in the absence of UV light showed no change in ERRα protein cellular levels, confirming that photocaging of the photolabile group prevented the binding conformation towards E3 ligase, exemplifying an idealistic example of photocaged-PROTACs. To understand the mechanism, competitive assays in the presence of either the proteasome inhibitor (MG132) or the neddylation inhibitor (MLN4924) prevented the degradation of ERRα PROTAC-2, suggesting the proteasome- and E3-ligase-mediated degradation ability of ERRα PROTAC-2. Furthermore, incubation of MCF-7 cells with the coumarin caging group fragment released during photolysis showed no effects on ERRα levels, demonstrating that the observed degradation activity was highly mediated by the active, non-caged PROTAC generated via decaging.




3.2. Photocaging PROTACs of Bromodomain Proteins


To expand the photocaging PROTAC concept, the same authors (Deiter’s research group from the Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania, USA) considered CRBN-based PROTACs. Similar to their chemical design of ERRα PROTAC-2, the authors utilized the X-ray structure to find a suitable tethering position for incorporating the photolabile group on the CRBN ligand (as shown in Figure 5A). Through X-ray co-crystallize structure, the authors found imide functionality on the glutarimide ring buried into a hydrophobic pocket and that it had a H-bond interaction with the amide backbone of His380 (as shown in Figure 5A). A previous CRBN-based PROTAC study [36] reported that substituting even a smaller group such as methyl at imide functionality produces enough steric hindrance that abolishes the binding of overall thalidomide structure with CRBN E3-ligase. These studies led the authors to exploit imide (-NH-) functionality for installing the photolabile group (nitropiperonyloxymethyl (NPOM)) (as shown in Figure 5B). The authors synthesized BRD4 PROTAC-3, which has a chemical frame of a reported CRBN-based PROTAC (Bradner’s research group from the Dana-Farber Cancer Institute, Harvard Medical School, Boston, USA, reported originally as compound 3, with BRD4 IC50 = 37 nM by using luminescent-proximity-based AlphaScreen assay [37]). The authors installed the photolabile group (NPOM) onto the imide of glutarimide of BRD4 PROTAC-3 to obtain the BRD4 PROTAC-4. Choosing of the NPOM group was based on its stability in aqueous conditions, as higher acidity of imide nitrogen (pKa = 14) compared to aliphatic amines (pKa = 30–40) was found to be problematic [38,39]. Upon irradiation (λ = 365 nm), the NPOM undergoes photolysis and has already shown its use in previously reported cellular studies [40]. The authors monitored the light activation of BRD4 PROTAC-4 through HPLC and mass spectrometry, where a non-caged version of PROTAC (BRD4 PROTAC 3) and a leaving cage group (nitrosoketone) were observed upon irradiation (at 2 min) (as shown in Figure 5C). The results obtained from cellular experiments with NPOM-caged BRD4 PROTAC-4 verified its optical control over CRBN-mediated degradation of BRD4, such as (a) a significant degradation of BRD4 in HEK293T cells within 5 h being found for BRD4 PROTAC 3 by Western blotting; (b) no BRD4 degradation found for caged BRD4 PROTAC 4 in the absence of light, suggesting installation of NPOM photolabile hindered its binding conformation with E3 ligase; (c) upon irradiation (λ = 365 nm, 6 mins), BRD4 degradation was observed; (d) no change in cellular BRD4 levels observed in the competitive assay (BRD4 PROTAC-4 compared to with either MG132 or MLN4924), suggesting proteasome- and E3-ligase-mediated degradation of BRD4 protein by BRD4 PROTAC-4; and (e) no effect on BRD4 levels observed for nitrosoketone (caging group released fragment)-treated HEK293T cells, suggesting the entire BRD4 protein degradation by light-activated chemical transformed “PROTAC”.



To understand the optical control over BRD4 degradation at the cellular level, the authors treated 22Rv1 cells (a castration-resistant prostate cancer cell line) with BRD4 PROTAC-3 and NPOM-caged BRD4 PROTAC-4 in the presence/absence of light. Reductions of 51% and 39% in cell viability were found for BRD4 PROTAC-3 and NPOM-caged BRD4 PROTAC-4, respectively (λ = 365 nm, 180 s). In addition, to explore the apoptosis mechanism of BRD4 PROTAC-4, caspase-3/7 activation was monitored. BRD4 PROTAC 3-treated 22Rv1 cells showed a nearly threefold increase in caspase-3/7 activity, while NPOM-caged BRD4-PROTAC-4-treated 22Rv1 cells showed no reasonable effect in the absence of light. However, when irradiated with UV light, caspase-3/7 activity was restored to similar levels to BRD4 PROTAC 3.



Collaboratory work by Xue et al. from Peking University and the Southern University of Science and Technology (Shenzhen, China) integrated the photo-control groups into PROTACs to develop photocaged PROTACs (pc-PROTACs) [41]. The Pc-PROTACs remain inactive until irradiated, but upon irradiation with a particular wavelength of light, photochemicals activate the PROTACs with the release of the photolabile group (or photocontrol groups). The authors targeted the bromodomain and extra-terminal (BET) protein bromodomain-containing protein 4 (BRD4) on the basis of the chemical design of dBET1 proposed by the Bradner research group (Dana-Farber Cancer Institute, Harvard Medical School (Boston, USA)), which is molecularly composed of thalidomide (as E3 ligase cereblon ligand) and JQ1 (a BRD4 ligand) [25]. dBET1 is a selective BET protein degrader. Numerous in vivo studies showed an efficient photocleavage of 4,5-dimethoxy-2-nitrobenzyl (DMNB) upon irradiation at 365 nm [26]. On the basis of the X-ray co-crystal structure of CRBN-thalidomide (PDB id: 4CI1) [42] and BRD4-JQ1 (PDB id: 3MXF) [43], DMNB was tethered to an amide functionality (-CONH-) of the JQ1 of dBET1 to obtain pc-PROTAC1, while the imide nitrogen of the thalidomide moiety (CO-NH-CO) of dBET1 was used to form pc-PROTAC2, as shown in Figure 6A,B. The photolysis studies by high-performance liquid chromatography (HPLC) showed the generation of dBET1 upon irradiation (365 nm, 3 mW/cm2) from pc-PROTACs, where quantitative analysis of pc-PROTAC1 and pc-PROTAC2 showed a quick photohydrolysis of DMNB with half-times (T1/2 = 60 and 105 s, respectively). The study also showed a 50% of dBET1 from pc-PROTAC1 (as shown in Figure 6C) and no reasonable amount of dBET1 produced from pc-PROTAC2. Furthermore, the stability of pc-PROTAC1 was studied in phosphate-buffered saline (PBS) buffer solution for 24 h in dark conditions, where ≈88% of pc-PROTAC1 and no dBET1 release were observed. These studies led the authors to examine the pc-PROTAC1 for the photocaging PROTAC mechanism [41].



As anticipated, an increase in the molecular size of pc-PROTAC1 reduced approximately 100 and 300 times its BRD4-binding affinity (IC50 = 7.6 μΜ) when compared to the JQ1 (IC50 = 71 nM) and dBET1 (IC50 = 22 nM), respectively. Ramos cells were used to study the dose-dependent BRD4 protein degradation of pc-PROTAC1. The pc-PROTAC1 at 3 μΜ did not show a reasonable degradation, but upon UV irradiation (λ = 365 nm for 3 min), a dose-dependent BRD4 protein degradation was observed. A comparative degradation profile of 0.3 μΜ pc-PROTAC1 was found to be equivalent to 0.1 μΜ dBET1. A maximum Brd4 degradation efficacy (Dmax) of 93% was achieved with 1 μΜ pc-PROTAC1. Later, irradiation time intervals were evaluated, where exposure of 0.3 min (at 365 nm) reduced the BRD4 protein cellular levels, while prolonged exposure (time = 3 min) completely degraded the BRD4 protein cellular level [41].



To expand the antiproliferative spectrum of pc-PROTAC1, various concentrations of pc-PROTAC1 and dBET1, with or without irradiation on BRD4-dependent human Burkitt’s lymphoma cells (Namalwa cells), were examined. Interestingly, without irradiation, pc-PROTAC1 (GI50 = 3.1 μΜ) showed a weaker antiproliferative activity than dBET1 (GI50 = 0.34 μΜ) and was unable to achieve reasonable antiproliferation, even at 50 μΜ (pc-PROTAC1). However, upon irradiation, pc-PROTAC1 showed a comparative antiproliferative activity (GI50 = 0.4 μΜ) compared to dBET1. Furthermore, a 10-day colony-forming assay was investigated on a liver cell line (HUH7 hepatocellular carcinoma cells) to assess the long-term antiproliferative effects of pc-PROTAC1. Without irradiation, pc-PROTAC1 exhibited no change in colony density, while upon irradiation, pc-PROTAC1 (at 5 μΜ) achieved a maximum inhibition. These studies showed that UV-light-based intracellular photoactivation of pc-PROTAC1 into a PROTAC form (dBET1) degrades the BRD4 cellular protein level in cancer cells [41].



The authors explored in vivo activity of pc-PROTAC1 using zebrafish as a model organism. Structurally, the BRD4 protein has interspecies conserved domains (domains: BD1, BD2, and ET) [44], where the primary binding site of JQ1 is characterized by BD1 and BD2 domains, which are importantly highly conserved between zebrafish and humans [43]. Additionally, CRBN of zebrafish has a high sequence similarity with the human ortholog protein. Zebrafish embryo has a higher level of BRD4 [44], which led the authors to use 12 h post-fertilization zebrafish embryos. Those embryos were treated with pc-PROTAC1 (100 μΜ in embryo medium), irradiated (λ = 365 nm, for 10 min), and incubated at 28.5 °C. The following samples were prepared: DMSO (1% in embryo medium)-treated embryos as a blank control, dBET1 (50 μΜ in embryo medium)-treated embryos as a positive control, and pc-PROTAC1 (100 μΜ in embryo medium)-treated embryos with no irradiation as a negative control. pc-PROTAC1 with irradiation or dBET1-treated embryos showed a thinner yolk extension with respect to both the controls (DMSO and pc-PROTAC1 without irradiation) at 24 h post-fertilization. Quantitative cellular BRD4 protein levels were studied by Western blotting from whole-cell extracts of the treated embryos at 36 h post-fertilization to evaluate the degradation activity of pc-PROTAC1. In the study, substantial BRD4 protein degradations in embryos treated with dBET1 and pc-PROTAC1 (50 or 100 μΜ) with irradiation were observed, demonstrating the light-activating degradation activity of pc-PROTAC1 in zebrafish [41].




3.3. Photocaging PROTACs of BTK Kinase Proteins


The same authors (Xue et al. from Peking University and the Southern University of Science and Technology (Shenzhen, China)) explored photocaged-PROTAC to degrade the BTK protein. They used MT-802 as a PROTAC template, and DMNB was tethered to the imide nitrogen of MT-802 to form pc-PROTAC3 (as shown in Figure 7A). MT-802 is a PROTAC structure composed of ibrutinib as a BTK protein inhibitor and CRBN E3 ligase ligand, which was developed by Crews’ group (Yale University, New Haven, Connecticut, USA) to degrade the BTK protein [45]. A similar profile (absorption spectrum, stability, and photo-induced release efficiency) of pc-PROTAC3 was found in comparison to pc-PROTAC1. The IC50′s of (pc-PROTAC3, MT-802, ibrutinib) against BTK were investigated by HTRF KinEase assays. Various concentrations of pc-PROTAC3 were used to treat Ramos cells in the absence/presence of light (as shown in Figure 7B). However, a significant dose-dependent reduction in BTK levels was observed upon irradiation (at 365 nm for 3.5 min), as shown in Figure 7C [41].





4. Photoswitches in PROTACs


Despite the implementation of the photochemical elements of photopharmacology into PROTACs to design photocaged PROTACs, there is an intrinsic flaw with their irreversible activation of the pharmacophore from PPG; therefore, their systemic clearance entirely depends on the cellular metabolism. Thus, the integration of photoswitches (as illustrated in Figure 8) was invented as another strategy of photopharmacology that amplifies the photochemical control of PROTACs over targeted protein degradation (as shown in Figure 9). Furthermore, the reversible nature of photoswitches provides a spatiotemporal handle to the researchers for controlling protein degradation with more precision. In photoswitchable PROTACs, a specific wavelength of light prefers one isomer specificity (either cis or trans), which could be an active or inactive form. In contrast, quantum yield and photoisomeric equilibrium can be easily shifted in either direction that activates or stops protein degradation [46].



Previous studies on azobenzene-based reversible photoswitchablity and their photochemical characterization encouraged researchers to incorporate them into PROTAC structures. Most of the reported photoswitchable PROTACs are azobenzene based, except for PHOTAC-I-13 (the only photoswitchable PROTAC where diazocines act as photoswitches in place of azobenzene, as shown in Figure 12). The relatively high use of azobenzene-based photoswitch directs its essential photochemical qualities: (a) fatigue resistance, (b) facile control over (E)/(Z)-geometrical conversion, (c) easy functionalization of the aromatic rings improving/modifying photothermal properties on the basis of requirements of a chemical biologist or medicinal chemist, and (d) relatively smaller size that does not add a significant proportion to the molecular obesity of the overall molecule [48,49,50]. The incorporation of azobenzene leads to two configurational isomers of PROTAC, where the bioactive photoisomeric isomer could be either a thermodynamically more stable (trans or E) isomer (such as azo-PROTAC4C, photoPROTAC-1) or a metastable (Cis-Z) isomer (PHOTACs). On the basis of studies claiming photoswitchable PROTAC, the following structure–activity relationship (SAR) can be drawn:



(A) Rigidifying the azobenzene photoswitch into one configuration form. Rigidification of an azobenzene-based photoswitch can be achieved either by macrocyclization [51] or by replacing azobenzene with similar ring structures (such as diazocine ring [50]). However, no photochemical control over POI degradation was found in the case of diazocine-containing PROTAC (PHOTAC-I-13), showing the unsuitability of the diazocine-based photoswitch compared to a similar PROTAC structure with an azobenzene photoswitch (such as PHOTAC-I-10, which showed degradation of the targeted protein, as shown in Figure 12).



(B) Positioning of photoswitch in PROTAC structure: (i) if it is positioned adjacent to the E3 ligase warhead, it will not influence PROTAC’s ability to adopt the binding conformation for the targeted protein. Still, its proximity to the E3 ligase warhead alters the binding conformation of PROTAC to its E3 ligase. Therefore, varying degrees of targeted protein degradation activity were reported (such as similar targeted protein degradations being achieved for PHOTAC-I-1 to 8, while no protein degradations for PHOTAC-I-9 were measured, as illustrated in Figure 12).



	(i)

	
Photoswitch positioning in the linker region, equidistant from both sides of the PROTAC structure. This is a typical strategy implemented to find an optimum length of the linker, besides improving the chemical nature and orientation of the PROTAC. Reported photoswitchable PROTACs with such positioning of azobenzene photoswitch are commonly tethered through linear hydrocarbon chains (polyether, aliphatic, or amide-aliphatic linkage) to both terminals (for example, Azo-PROTAC-2C-6C shown in Figure 11, PHOTAC-I-11 and 12 shown in Figure 12, Cis-/trans-PhotoPROTAC-1 shown in Figure 13, and PHOTAC-II-6 shown in Figure 14).




	(ii)

	
If the photoswitch is directly tethered to the POI warhead, it could restrict the binding conformational of respective photoswitchable PROTAC to its POI. However, it would also pose a synthetic challenge to an organic chemist in building such molecular structures where the azoswitch tethers POI warheads and could significantly reduce the targeting protein degradation; therefore, such attempts were not reported in the literature.







4.1. Photoswitchable PROTACs Targeting Kinase Protein


Jin et al., from the School of Pharmacy at China Pharmaceutical University, Nanjing (China) [48], studied the binding conformation of lenalidomide from an X-ray co-crystal structure (PDB id: 4TZ4 [52]; as can be seen in Figure 10A) to design Azo-PROTACs.



On the basis of the ligand–protein interaction of lenalidomide with E3 ligase, the binding pocket was relatively smaller and possessed a steric effect at the solvent boundary interface. On the basis of these observations, the authors rationalized incorporating an azobenzene photoswitch at the C3-position of the phenyl in lenalidomide. To develop a photoswitchable PROTAC against BCR-ABL fusion and ABL protein, dasatinib was selected as a POI warhead. Dasatinib is clinically used in acute lymphoblastic leukemia (ALL), chronic myelogenous leukemia (CML), and in CML patients with acquired imatinib resistance. It is a second-generation ATP-competitive tyrosine kinase inhibitor of BCR/ABL proteins. On the basis of the conformational binding of dasatinib with ABL protein in an X-ray co-crystal structure (PDB id: 2GQG [53]; as shown in Figure 10B) and molecular docking of azobenzene-incorporated PROTACs with BCR-ABL fusion protein, these biophysical studies illustrated that only trans-form was combinatory due to steric (Figure 10C [48]), suggesting that the cis- and trans-forms could bring significant differences in the degradation activity of targeted proteins. To find a suitable linker length, the authors performed a chemical screening, wherein the resulting PROTACs were tested for their degradation (ABL and BCR-ABL) activity on the K562 myelogenous leukemia cell line (ABL, BCR-ABL, and E3 ligase CRBN expressed cell line). Among all the synthesized photoswitchable PROTACs (Azo-PROTACs-2C to 6C), Azo-PROTAC-4C had an appropriate linker length with higher BCR-ABL fusion protein degrading potency, as shown in Figure 11A.



By UV–VIS spectroscopy photoisomerization, kinetic studies were performed to measure the photochemical control and stability over reverse switching of Azo-PROTAC-4C. The trans-configuration of Azo-PROTAC-4C showed λmax at 361 nm. When Azo-PROTAC-4C was exposed to UV-C light, varying degrees of reduction of peak (λmax = 361 nm) were recorded, indicating Azo-PROTAC-4C conversion into cis-configuration. Later, 1 h exposure was found to be sufficient to convert trans-configuration into cis-configuration. Further exposure with white light to Azo-PROTAC-4C showed cis-configuration within 4 h. Azo-PROTAC-4C is a T-type photoswitch [54], and a half-life of spontaneous thermal relaxation (T1/2 = 620 min at 25 °C) was measured in dark conditions. In cellular assays, Azo-PROTAC-4C showed cell-selectivity against BCR-ABL-driven K562 cells (EC50 = 28 nM in cell viability assay, IC50 = 68 nM in cellular proliferation assay), while no activity was found for non-BCR-ABL-derived cell lines (HCT116 colorectal carcinoma cells, A549 pulmonary carcinoma cells, and MCF-7 cells). Furthermore, negative control of Azo-PROTAC-4C was developed to determine the mechanism of targeted protein degradation. Methylation of imide (-NH-) of glutarimide (in the lenalidomide) of Azo-PROTAC-4C led to the formation of PROTAC-4C (-) (as a negative control) (as illustrated in Figure 11B). Azo-PROTAC-4C (-) showed no BCR-ABL and ABL protein degradations, suggesting that BCR-ABL and ABL degradation of Azo-PROTAC-4C is CRBN-mediated ubiquitination. Further use of dasatinib (as a POI inhibitor), lenalidomide (as an E3 ligase ligand), and an inhibitor NEDD8-activating enzyme (MLN4924) in competitive assays, and observing no degradation of BCR-ABL, suggests the Azo-PROTAC-4C degradation activity (a) utilizes the active site of BCR-ABL (in case of dasatinib), (b) is cereblon-E3 ligase mediated (in the case of lenalidomide), and (c) depends upon NEDD8-activating enzyme (in case of MNL4924). All these outcomes show confirmation that Azo-PROTAC-4C is a CRBN-dependent ABL degrader.



Interestingly, a substantial difference in ABL and BCR-ABL degradation were recorded for cis- and trans-configurations of Azo-PROTAC-4C. In a dose–effect evaluation, a slight degradation at 25 nM but a significant BCR-ABL and ABL protein degradation at 100 nM was observed for trans-configuration of Azo-PROTAC-4C. However, no noticeable BCR-ABL degradation was observed, even at 500 nM for cis-configuration of Azo-PROTAC-4C, which could have been due to the “hook effect” (a typical limitation with PROTAC approaches) or based on the presence of photostationary state of cis-configuration of Azo-PROTAC 4C in the solution [46]. The spatiotemporal degradation of ABL and BCR-ABL proteins by Azo-PROTAC-4C was studied by using time-course analysis. In this study, trans-configuration of Azo-PROTAC-4C showed ABL protein degradation started after 4 h treatment, significant degradation of BCR-ABL and ABL proteins after 10 h, and > 90% of BCR-ABL degradation after 32 h treatment. Interestingly, no noticeable BCR-ABL reduction for cis-configuration of Azo-PROTAC-4C was recorded, even after 32 h of treatment, which was somewhat surprising because of the reported half-life (T1/2 = 620 min at 25 °C) and, therefore, a large proportion of trans-configuration of Azo-PROTAC-4C could be present at earlier time points [46].



To evaluate the reversible photoswitchablity of Azo-PROTAC-4C against its protein degradation activity, K562 cells were treated with trans-configuration of Azo-PROTAC-4C for 24 h and then irradiated with UV-C light every 4 h. ABL and BCR-ABL levels were increased over time in the UV-irradiated group, while low cellular levels of these proteins were maintained in the visible light group. Later, after preincubation of K562 cells with cis-configuration of Azo-PROTAC-4C shielded from light, K562 cells were transferred to a fresh medium and irradiated with visible light, where BCR-ABL degradation was observed with time. However, evaluation of the cell viability of cis-configuration of Azo-PROTAC-4C would be quite interesting in order to engage researchers, although the authors did not perform this [46].




4.2. Photoswitchable PROTACs in Bromodomain Proteins


A collaboration of the Trauner research group (Department of Chemistry, New York University, NY, USA) and the Pagano research group (Department of Biochemistry and molecular pharmacology, New York School of Medicine) incorporated an azobenzene photoswitch to form photoswitchable PROTACs, called PHOTACs. In these photoswitchable PROTACs, (+)-JQ1 (a high-affinity inhibitor of BET proteins BRD2-4) was selected as a POI inhibitor, alongside two different types of E3-ligase ligands (with lenalidomide: PHOTAC-I-1 to 8, and pomalidomide PHOTAC-I-9 to 13) [50], to target CRBN E3 ligase, as shown in Figure 12. Among azobenzene-photoswitch PROTACs (PHOTAC-I-1-12), diazocine-based photoswitch PROTACs (PHOTAC-I-13) were also designed to degrade the bromodomain proteins, where PHOTAC-I-3 emerged as a lead compound. The PHOTAC-I-3 switched to the cis-configuration at a certain wavelength (λ = 390 nm, PSS > 90%) and achieved similar photostationary states (PSSs) at a range of 380–400 nm. An efficient trans-to-cis configuration of PHOTAC-I-3 photoisomerization was observed at 370 and 450 nm, while in the absence of light cis-configuration of PHOTAC-I-3, it gradually relaxed back to trans-configuration of PHOTAC-I-3 (T1/2 = 8.8 h at 37 °C in DMSO). However, when irradiated (λ ≥ 500 nm), the chemical equilibrium shifted to trans-configuration of PHOTAC-I-3 (λ ≥ 450 nm, PSS of >70%).



To evaluate the optical qualitative nature of these photoswitchable PROTACs (PHOTAC-I-1 to 13), human acute leukemia cell lines (RS4;11) in a 96-well plate were treated with increasing concentrations of these PROTACs. Later, they were irradiated with either 390 nm light pulses (100 ms/10 s) for 72 h or as a control incubated in dark conditions. Interestingly, PHOTAC-I-3 showed an optical response where a sevenfold difference was measured in median effective concentration (EC50): EC50 = 88.5 nM when irradiated with 390 nm light, whereas EC50 = 631 nM in the dark conditions. Moreover, similar optical responses were noted for PHOTAC-I-1,2,4 to 8,10. Interestingly, PHOTAC-I-9, 11 to 13, and (+)-JQ1 ((+)-JQ1 was used as a control in these experiments) did not show differences in their EC50 from irradiated samples against those samples incubated in the dark, suggesting a role of E3-ligand chemical specificity as PHOTAC-I-1 to 8 (having lenalidomide chemicals), as opposed to PHOTAC-I-9 to 13 (having pomalidomide as E3 ligand chemical structural features).



To understand light-dependent targeted BET protein BRD2-4 degradation for these PROTACs, Western blotting was used to determine the cellular protein levels. The authors treated RS4;11 cells with increasing concentrations of PHOTAC-I-3 for 4 h and pulse irradiation (λ = 390 nm, pulse = 100 ms/10 s). A significant decrease in BRD4 levels when irradiated (λ = 390 nm), but not in the dark, was observed for PHOTAC-I-3 in the range of 100 nm to 3 µM. At 10 µM, a “hook effect” was observed, a common issue with PROTAC strategies [17,55,56]. Similar cellular protein level reduction was also noted for BRD3 at 100 nm to 3 µM under violet light irradiation but not in the dark. Conversely, a moderate BRD2 degradation was observed in a narrower concentration range. To characterize the degradation mechanism of these photoswitchable PROTACs, several biochemical experiments were conducted using competitive assays. Upon irradiation, PHOTAC-I-3 (1 µM) was used along with CRL inhibitor (MLN4924 at 2.5 µM). MLN4924 inhibits neddylation and, subsequently, cellular CRL (including CRL4CRBN) activities. Therefore, BRD2–4 cellular level recovery was observed in this assay, suggesting a CRBN-dependent degradation. Similar results were also obtained from small interfering RNA (siRNA) knockdown of CRBN and methylation of the glutarimide [57].



To expand the optical responsive into different cancer cell types, light-dependent targeting BRD4 degradation of PHOTAC-I-3 was evaluated in two breast cancer cell lines (MB-MDA-231 and MB-MDA-468).



To access the reversible photoswitchablity of PHOTAC-I-3, a rescue experiment was performed. Continuous irradiation for an initial 1 min to PHOTAC-I-3 with λ = 390 nm (activating wavelength), followed by pulse irradiation with λ = 525 nm (deactivating wavelength), resulted in an initial decrease in cellular BRD2 levels, but they recovered rapidly, even compared to when it was left in the dark conditions.



One key characteristic of photopharmacology is color dosing [58,59]. Color dosing is a photocontrol ability where the color intensity of the incident light can be compared with the respective concentration of the active isomer [60]. The color strength of the incident light can be used to estimate the extent of targeted protein degradation, where it is informative of the ratio of active and inactive isomers in the photostationary states [61]. In cell viability assays, left-shifted curves were observed, where the color steadily approached 390 nm. Conversely, Western blotting showed maximum degradation of BRD4 at λ = 390 nm, while BRD4 levels recovered upon increasing the incident light wavelength, suggesting a reversible photoswitchablity over BRD4 protein degradation of PHOTAC-I-3.



Crews (from Yale University, USA) and Carreira (Laboratory of Organic Chemistry, ETH Zürich, Switzerland) and their coworkers rationalized the linker region of PROTACs [49]. Previous biophysical studies highlighted the small changes in length and chemical nature of the linker region affect the ternary complex formation [62,63]. A sufficient length of linker is required for PROTACs so that both of the warheads are able to rotate and fit into the recruited protein (POI and E3 ligase) to form a ternary complex [64]. In the reported examples, the critical difference linker’s length between inactive and active was calculated 3 Å, which interestingly matched with typical distances (3–4 Å) reported with cis- and trans-azobenzene photoswitches [45,65]. On the basis of these key structural features, the authors were prompted with an idea “of design of a trans-configuration of photoPROTAC that will ideally have an optimized linker length for efficient ternary complex while cis-configuration of photoPROTAC would have a shorter distance to reach the binding pocket of the second protein partner (which could be E3 ligase or POI)”. Therefore, the authors chemically transformed the polyether linker region of ARV-771 (ARV-771 is a PROTAC of bromodomain proteins, as shown in the structure in Figure 13A) into azobenzene photoswitch in order to design a photoswitchable PROTAC (photo-PROATCs) [49].



Secondly, the authors envisioned an ideal azobenzene photoswitch having prolonged photostationary states (≈days) that are populated during initial irradiation stimuli and must persist throughout the experiment so that continued pulse irradiation exposure can be avoided. This required an azobenzene whose cis-configuration shows configuration isomerization stability in biological settings, which led the authors to introduce bistable ortho-tetrafluoroazobenzenes (o-F4-azobenzenes) as azobenzene photoswitches [66], which had reported thermal τ1/2′s ≈ 2 years at 25 °C as opposed to a few hours, as shown by its parent cis-azobenzenes [67]. The authors replaced the polyether linker from ARV-771 skeleton with diamide azobenzene photoswitches, o-F4-azobenzene diacid (1, representing the pull–pull azoswitch mechanism, Figure 13B), and o-F4-azobenzene amino acid (2, representing the push–pull azoswitch mechanism, Figure 13B).



The authors studied the photochemical properties. The photochemical properties of pull–pull azoswitch-based photoPROTAC-1 was studied in DMSO. Irridation (λ = 415 nm) was found to be efficient in producing the photostationary state of 95% for trans-configuration of photoPROTAC-1 (separation was performed with the help of HPLC). However, irradiation (λ = 530 nm) showed the photostationary state of 68% for cis-configuration of photoPROTAC-1, which is comparatively lower than examples of o-F4-azobenzenes with higher cis-isomer photostationary states [67,68]. From the spectra, pure cis-configuration, and trans-configuration of photoPROTAC-1, n–π* absorption maxima of both isomers were found with a difference of 47 nm. The quantum yields for both isomerization reactions (ϕEZ (530 nm) = 0.28, ϕZE (415 nm) = 0.65) were found in a similar order to previous literature for underivatized o-F4-azobenzenes [67], suggesting an efficient isomerization upon photon absorption. Moreover, pull–pull ortho-F4 azobenzene reported bistability was retained in the photoPROTAC-1, and no reverse thermal isomerization of cis-configuration was noticed (DMSO, acetonitrile, aqueous buffer at 37 °C, even for several days), ensuring the suitability of a pull–pull azoswitch as photoswitches for PROTAC strategies.



Furthermore, a stability retention was noticed with a photoPROTAC-1 (50 μM) in reduced glutathione (10 mM) over 72 h, demonstrating its suitability for biological studies. To ensure stability in cellular systems, cells were incubated without or with photoPROTAC-1 (25 μM). Later, cells were harvested and lysed in phosphate-buffered saline by multiple freeze–thaw cycles in different time periods up to 24 h, and lysates were studied by LC–MS for reduced forms as well as non-reduced forms of photoPROTAC-1. During data processing, fragment masses matched with reduced form remained undetected, while isotopic mass distribution after 24 h matched with a nonreduced form of the photoPROTAC-1, assuring physiological stability of the photoPROTAC-1.



For biological testing, Ramos cells were used. For initial 20 min irradiation with (λ = 415) and (λ = 530 nm), PhotoPROTAC-1 solutions were used to obtain trans-configuration and cis-configuration, respectively. Then, 1 min of holding took place, followed by brief shaking (vortexing) and irradiating again for the next 10 min. Trans-configuration and cis-configuration of photoPROTAC-1 solutions were diluted to the obtained the required molar concentrations, which were then added to Ramos cells. Incubating Ramos cells with a nanomolar concentration of trans-configuration of photoPROTAC-1 for 6.5 h induced a significant BRD2 degradation, while cis-photoPROTAC-1 failed to induce BRD2 degradation in the tested range of molar concentrations. However, a prolonged incubation of 18 h with cis-configuration or trans-configuration of photoPROTAC-1 failed to alter the BRD2 degradation efficiencies. Importantly, photoPROTAC-1 did not degrade the BRD2 cellular level and required an initial 415 nm irradiation, suggesting a mixture of trans-configuration and cis-configuration of photoPROTAC-1 present in the solution. The most plausible explanation for such an observation would be the higher binding affinity of cis-configuration for either BRD2 or VHL compared to trans-configuration of photoPROTAC-1, which prevents binding of the active trans-isomer and therefore abolishes the degradation.



To study the time-dependent degradation profiles of trans-configuration and cis-configuration of photoPROTAC-1, various incubation time points (1–24 h) were selected with Ramos cells. No reasonable BRD2 degradation of trans-configuration of photoPROTAC-1 was observed within 1 h, nor after 3 h. Conversely, degradation increased in the next 4 h, reached a maximum after 7 h, and remained unchanged for 17 h. A concomitant targeting of trans-configuration of photoPROTAC-1 with MLN-4924 (selective NEDD8 inhibitor) showed a loss of BRD2 degradation potency, suggesting the proteasomal-mediated protein degradation activity.



Interestingly, cis- or trans-configuration of photoPROTAC-1 did not show a substantial BRD4 degradation, while ARV-771 was found to be an efficient degrader of BRD4 as well as BRD2. This observation might be explained on the basis of the structural differences of ARV-771 and photoPROTAC-1, which affected their ternary complex stability for BRD4 protein degradation: (a) the presence of a reversed amide bond between JQ-1 and o-F4-azobenzene moiety in photoPROTAC-1 compared to polyether linkage of ARV-771, and (b) a higher intrinsic rigid character of azobenzene during their incorporation into photoPROTAC-1 [69].



To evaluate the reversible photoswitching between cis-configuration and trans-configuration of photoPROTAC-1, two test tubes were irradiated by 415 and 530 nm LEDs for 30 mins to obtain trans-configuration and cis-configuration of photoPROTAC-1, respectively. Trans-configuration of photoPROTAC-1 and cis-configuration of photoPROTAC-1 were then subdivided (1:1) into two tubes each, whereas parent test tubes were stored separately. The new two test tubes were irradiated: the test tube that contained trans-configuration of photoPROTAC-1 was irradiated with λ = 530 nm, while the test tube contained cis-configuration of photoPROTAC-1 was irradiated with λ = 415 nm. Varying concentrations of singly irradiated (415 nm, trans-photoPROTAC-1; or 530 nm, cis-photoPROTAC-1) or doubly irradiated (530/415 nm, trans-photoPROTAC-1; or 415/530 nm, cis-photoPROTAC-1) photoPROTAC-1 solutions were incubated with Ramos cells to study the reversible photoisomerization. The treated cells were lysed, and the cellular levels of BRD4 and BRD2 were estimated after 18 h. Interestingly, a similar pattern of BRD2/4 degradation was noticed for singly irradiated cis-configuration and trans-configuration of photoPROTAC-1, and reversed protein degradation activity was observed in doubly irradiated treatments, ensuring the reverse photoswitchablity of photoPROTAC.



The spatiotemporal control of photoPROTAC-1 was evaluated. Two sets of trans-configuration of photoPROTAC-1-treated Ramos cells were studied: one set of cells were located in the dark, while the second set of cells were irradiated at 530 nm. As predicted, cis-configuration recovered from the second set. Additionally, substantial degradation of BRD2 was recorded with cis-configuration of photoPROTAC-1-treated cells under 415 nm, indicating that incorporating o-F4-azobenzenes as photoswitches in the PROTAC linker region was successful in providing the reversible spatiotemporal control over protein degradation.




4.3. Photoswitchable PROTACs in Immunophilins


To enhance the spectrum of optical control to targeted protein degradation, Trauner’s and Pagano’s research groups utilized photoswitchable PROTACs for prolyl cis–trans isomerase (FKBP12 protein [70]) [50]. They synthesized six structures (PHOTAC-II-1–6, as shown in Figure 14), where a lenalidomide-based structure was used as an E3 ligase ligand (in the case of five photoswitchable PROTACs PHOTAC-II-1–5), while a pomalidomide-based structure was used as an E3 ligase ligand in the chemical design of PHOTAC-II-1–6. The authors kept POI inhibitor as SLF (a synthetic ligand of FKBP12) common for PHOTAC-II-1–6. However, the azobenzene photoswitch varied in its positioning, wherein it was tethered adjacent to the E3 ligase ligand in the case of PHOTAC-II-1–5, whereas it was placed in the middle of SLF and the E3 ligase ligand in the case of PHOTAC-II-6. On the basis of the biological evaluation, PHOTAC-II-5 and PHOTAC-II-6 showed effective activity among six photoswitchable PHOTACs. Upon pulse irradiation (λ = 390 nm) by PHOTAC-II-5, significant cellular FKBP12 protein levels were reduced, but the same observation was not found in the dark condition. A general observation of attaining comparatively higher protein degradation activity for PHOTAC-I-1–8 (for bromodomain proteins) and PHOTAC-II-5 (for FKBP12 protein) than other photoswitchable PROTACs, and on the basis of their structural resemblance, the role of the positioning of azoswitch tethering to the E3 ligase ligand could be directed. Conversely, with PHOTAC-II-6, the azobenzene photoswitch positioned in the middle of the linker region showed a pattern similar to PHOTAC-II-5 of strong light-dependent FKBP12 protein degradation and a mild activity in the dark (at 24 h), suggesting (E)-isomer presence in the solution. The competitive assay of PHOTAC-II-5 and PHOTAC-II-6 with MLN4924 showed their inability to degrade the FKBP12 protein, suggesting the mechanism of CRBN mediation. Increased concentration of the PROTACs leads to a pronounced hook effect during experiments.





5. Summary and Outlook


Electromagnetic radiation has always been of keen interest for chemists in the field of imaging and diagnostics. As higher frequency wavelength electromagnetic waves ionize the cells, their direct use in chronic diseases is not considered the first line of treatment. However, the UV–VIS radiations are optimized to have sufficient energy vectors to activate a bioactive molecule but not to disintegrate the chemical structure.



Typical drug design approaches commonly practice occupancy-driven pharmacology, where the inhibitor competitively binds to the protein of interest at a particular threshold concentration. Therefore, the success of conventional small-molecular inhibitor-based drugs highly depends on their sustained concentrations, which require continuous dosing. However, continuous dosing commonly increases the chance of off-target toxicities and could lead to drug resistance (primarily observed in chronic disorders, such as cancer and infections). Therefore, event-driven, pharmacology-based approaches were introduced to overcome the limitation of conventional small-molecule-based drug discovery. One of the most popular approaches is protein degradation by PROTAC. Rather than inhibiting the protein, PROTACs degrade the protein; thereby, no continuous dosing is required, and there is less proneness to the emergence of resistance. However, with such immense advantages, PROTACs are also flawed, with some limitations that prevent their direct clinical use. Systemic toxicity is the primary concern of PROTACs, where some concentration of PROTACs goes inside the normal cells and degrades the protein, thereby risking the severity of on-target toxicity in the normal cells.



Various photochemical strategies were developed as a part of photopharmacology, but photocaged and photoswitches are the most successful ones. Photocaged PROTACs showed control of light-activating photolabile groups, which can be selectively activated with a specific wavelength of light. Deiter’s research group used a coumarin-based photocaged VHL ligand to produce ERRα PROTAC-2 to target estrogen-related receptor α (ERRα), which released at (λ ≤ 405 nm), showing anticancer activity in breast cancer MCF-7 cell lines. Later, the same research group implemented another PPG nitropiperonyloxymethyl (NPOM) as CRBN-based BRD4 PROTAC4, which becomes activated at λ = 365 nm and degrades BRD4 bromodomain protein in HEK293T and 22Rv1 cells. Conversely, Xue et al. used a chemical design of dBET1 (a PROTAC) to transform it into photocaged PROTACs by incorporating 4,5-dimethoxy-2-nitrobenzyl (DMNB) as PPG. The resulting pc-PROTAC1 becomes activated upon irradiation (λ = 365 nm, 3 mW/cm2). Further testing showed a broad cellular activity of pc-PROTAC1 in human Burkitt’s lymphoma cells (Namalwa cells) and a liver cell line (HUH7 hepatocellular carcinoma cells). Xue et al. used a chemical template of MT-802 (a PROTAC) and incorporated it with 4,5-dimethoxy-2-nitrobenzyl (DMNB) as PPG to form pc-PROTAC3 to find a photocaged-BTK PROTAC, which becomes activated at λ = 365 nm.



However, incorporating photolabile groups certainly provides spatiotemporal control, but systematic toxicity remains a concern, which led to the development of another strategy, namely, “photoswitchable-PROTACs”. The presence of a photoswitch provides a reversible switchability between two photoisomeric states; therefore, the reversible active form can be converted back to inactive at a particular wavelength and vice versa. The choice of azobenzene was quite evident from previous reports in which azobenzene showed a fatigue resistance and comparatively smaller structural size that does not add to the molecular obesity of the whole molecular structure.



Some notable successes of photoswitches in PROTACs have been reported. Reynders et al. showed PHOTAC-I-1-13 for bromodomain protein degradation [49] and PHOTAC-II-1-6 for immunophilins [49], while Jin et al. reported the Azo-PROTAC-2C-6C for kinase protein degradation [48]. The reversible photoswitching intrinsic property of photoswitchable PROTACs provides precise spatiotemporal control over targeted protein degradation and therefore significantly reduces the chance of systemic toxicities.



However, as both approaches use the PROTAC template where structures are generally larger in size, it potentially leads to typically higher molecular obesity (800–1200 Da). Because of size, they tend to show limited cell permeability and tissue diffusion. However, choosing a cell-specific surface receptor (hybrid receptors, such as IGF-1/insulin receptor, HER) or intermembrane transporters [71] increases their cell delivery [72,73]. Furthermore, this provides them with an available biorthogonal chemistry handle that modifies their in-cell structure or conjugates with vitamin B coenzymes (especially pyridoxine and folic acid) or antibodies that enhance their cellular distribution and utilization [74]. The delivery route is essential in enhancing their cellular distribution, wherein the intraperitoneal and intravenous routes of administration showed reasonable tolerability [74]. Other formulations must be considered, such as a semiconducting polymer for nano-PROTAC activation in cancer therapy and nanoencapsulation by a biodegradable polymer [75,76].



UV light usually shows a limited tissue penetration, restricting reported light-activating PROTACs to skin disorders and other topical uses. Therefore, there is a growing interest in studying newer photoswitches and other possible light sources. Furthermore, in order to achieve optimal tissue penetration, red-shifted azobenzenes can use the near infrared region or the infrared region [77,78], and two-photon excitation processes could be incorporated for efficient photoswitching [68,79]. Recent advancements in implantable localized irradiation and optofluidic systems can certainly enhance the localized cellular activation of light-activating PROTACs, improving the scope of the other photomedicine strategies. Researchers also need to replace the azobenzene switch, which has poor in vivo application. However, azobenzenes have their characteristics that are based on their photoswitchability, which are mentioned in Section 4 (as “Photoswitches in PROTACs”). Other examples of photoswitches (fulgide, hydrazone, nobormadiene, spiropyrans, thioindigo, spirooxazine, diarylethene, merocyanine, etc.) and their conjugates can be used to replace the azobenzene photoswitch [80,81,82,83]. Azobenzenes are conventionally placed in the middle of the linker region (in between the PROTACs and E3 ligase), and therefore application of macrocyclization seems quite promising as it restricts the free rotation and thereby improves protein selectivity and physiochemical properties. Because of poor physiochemical properties of azobenzne structures, there is a tendency to show rapid in vivo hydrolysis, which also caused organic chemists to incorporate highly substituted aromatics [84] or a polyaromatic functional ring as one of the diazobenzene rings [85,86].







Author Contributions


Conceptualization, A.N.; writing—original draft preparation, A.N.; writing-review and editing, A.N., K.K.K. and A.S.V.-C.; funding acquisition, K.K.K. and A.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Doudna, J.A.; Charpentier, E. The new frontier of genome engineering with CRISPR-Cas9. Science 2014, 346, 1258096. [Google Scholar] [CrossRef] [PubMed]

	



Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature 2001, 411, 494–498. [Google Scholar] [CrossRef] [PubMed]

	



Clift, D.; So, C.; McEwan, W.A.; James, L.C.; Schuh, M. Acute and rapid degradation of endogenous proteins by Trim-Away. Nat. Protoc. 2018, 13, 2149–2175. [Google Scholar] [CrossRef] [PubMed]

	



Neklesa, T.K.; Tae, H.S.; Schneekloth, A.R.; Stulberg, M.J.; Corson, T.W.; Sundberg, T.B.; Raina, K.; Holley, S.A.; Crews, C.M. Small-molecule hydrophobic tagging–induced degradation of HaloTag fusion proteins. Nat. Chem. Biol. 2011, 7, 538–543. [Google Scholar] [CrossRef]

	



Lai, A.C.; Crews, C.M. Induced protein degradation: An emerging drug discovery paradigm. Nat. Rev. Drug Discov. 2017, 16, 101–114. [Google Scholar]

	



Clift, D.; McEwan, W.A.; Labzin, L.I.; Konieczny, V.; Mogessie, B.; James, L.C.; Schuh, M. A method for the acute and rapid degradation of endogenous proteins. Cell 2017, 171, 1692–1706.e18. [Google Scholar] [CrossRef]

	



Burslem, G.M.; Smith, B.E.; Lai, A.C.; Jaime-Figueroa, S.; McQuaid, D.C.; Bondeson, D.P.; Toure, M.; Dong, H.; Qian, Y.; Wang, J.; et al. The advantages of targeted protein degradation over inhibition: An RTK case study. Cell Chem. Bio. 2018, 25, 67–77.e3. [Google Scholar] [CrossRef]

	



Olson, C.M.; Jiang, B.; Erb, M.A.; Liang, Y.; Doctor, Z.M.; Zhang, Z.; Zhang, T.; Kwiatkowski, N.; Boukhali, M.; Green, J.L.; et al. Pharmacological perturbation of CDK9 using selective CDK9 inhibition or degradation. Nat. Chem. Biol. 2018, 14, 163–170. [Google Scholar]

	



Gechijian, L.N.; Buckley, D.L.; Lawlor, M.A.; Reyes, J.M.; Paulk, J.; Ott, C.J.; Winter, G.E.; Erb, M.A.; Scott, T.G.; Xu, M.; et al. Functional TRIM24 degrader via conjugation of ineffectual bromodomain and VHL ligands. Nat. Chem. Biol. 2018, 14, 405–412. [Google Scholar] [CrossRef]

	



Khan, S.; Zhang, X.; Lv, D.; Zhang, Q.; He, Y.; Zhang, P.; Liu, X.; Thummuri, D.; Yuan, Y.; Wiegand, J.S.; et al. A selective BCL-XL PROTAC degrader achieves safe and potent antitumor activity. Nat. Med. 2019, 25, 1938–1947. [Google Scholar] [CrossRef]

	



Negi, A.; Murphy, P.V. Natural products as Mcl-1 inhibitors: A comparative study of experimental and computational modelling data. Chemistry 2022, 4, 983–1009. [Google Scholar] [CrossRef]

	



Wang, Z.; He, N.; Guo, Z.; Niu, C.; Song, T.; Guo, Y.; Cao, K.; Wang, A.; Zhu, J.; Zhang, X.; et al. Proteolysis targeting chimeras for the selective degradation of Mcl-1/Bcl-2 derived from nonselective target binding ligands. J. Med. Chem. 2019, 62, 8152–8163. [Google Scholar] [CrossRef] [PubMed]

	



Negi, A.; Murphy, P.V. Development of Mcl-1 inhibitors for cancer therapy. Eur. J. Med. Chem. 2021, 210, 113038. [Google Scholar] [CrossRef] [PubMed]

	



Winter, G.E.; Buckley, D.L.; Paulk, J.; Roberts, J.M.; Souza, A.; Dhe-Paganon, S.; Bradner, J.E. Phthalimide conjugation as a strategy for in vivo target protein degradation. Science 2015, 348, 1376–1381. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Qian, Y.; Altieri, M.; Dong, H.; Wang, J.; Raina, K.; Hines, J.; Winkler, J.D.; Crew, A.P.; Coleman, K.; et al. Hijacking the E3 ubiquitin ligase cereblon to efficiently target BRD4. Chem. Bio. 2015, 22, 755–763. [Google Scholar] [CrossRef]

	



Powell, C.E.; Gao, Y.; Tan, L.; Donovan, K.A.; Nowak, R.P.; Loehr, A.; Bahcall, M.; Fischer, E.S.; Jänne, P.A.; George, R.E.; et al. Chemically induced degradation of anaplastic lymphoma kinase (ALK). J. Med. Chem. 2018, 61, 4249–4255. [Google Scholar] [CrossRef]

	



Bondeson, D.P.; Mares, A.; Smith, I.E.; Ko, E.; Campos, S.; Miah, A.H.; Mulholland, K.E.; Routly, N.; Buckley, D.L.; Gustafson, J.L.; et al. Catalytic in vivo protein knockdown by small-molecule PROTACs. Nat. Chem. Biol. 2015, 11, 611–617. [Google Scholar]

	



Silva, M.C.; Ferguson, F.M.; Cai, Q.; Donovan, K.A.; Nandi, G.; Patnaik, D.; Zhang, T.; Huang, H.T.; Lucente, D.E.; Dickerson, B.C.; et al. Targeted degradation of aberrant tau in frontotemporal dementia patient-derived neuronal cell models. Elife 2019, 8, e45457. [Google Scholar] [CrossRef]

	



Phase, I.A. Clinical Trial of ARV-110 in Patients With Metastatic Castration-resistant Prostate Cancer. Full Text View-Clinical Trials. Available online: https://clinicaltrials.gov/ct2/show/NCT03888612 (accessed on 29 May 2019).

	



Broichhagen, J.; Frank, J.A.; Trauner, D. A roadmap to success in photopharmacology. Acc. Chem. Res. 2015, 48, 1947–1960. [Google Scholar] [CrossRef]

	



Weinstain, R.; Slanina, T.; Kand, D.; Klán, P. Visible-to-NIR-light activated release: From small molecules to nanomaterials. Chem. Rev. 2020, 120, 13135–13272. [Google Scholar] [CrossRef]

	



Belfiore, A.; Frasca, F.; Pandini, G.; Sciacca, L.; Vigneri, R. Insulin receptor isoforms and insulin receptor/insulin-like growth factor receptor hybrids in physiology and disease. Endocr. Rev. 2009, 30, 586–623. [Google Scholar]

	



Negi, A.; Ramarao, P.; Kumar, R. Recent advancements in small molecule inhibitors of insulin–like growth factor-1 receptor (IGF-1R) tyrosine kinase as anticancer agents. Mini Rev. Med. Chem. 2013, 13, 653–681. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, C.; Klasmeyer, K.; Bojar, H.; Schulz, W.A.; Ackermann, R.; Grimm, M.O. Heparin-binding epidermal growth factor-like growth factor isoforms and epidermal growth factor receptor/ErbB1 expression in bladder cancer and their relation to clinical outcome. Cancer Interdiscip. Int. J. Am. Cancer Soc. 2007, 109, 2016–2024. [Google Scholar] [CrossRef] [PubMed]

	



Stavreus-Evers, A.; Aghajanova, L.; Brismar, H.; Eriksson, H.; Landgren, B.-M.; Hovatta, O. Co-existence of heparin-binding epidermal growth factor-like growth factor and pinopodes in human endometrium at the time of implantation. MHR Basic Sci. Reprod. Med. 2002, 8, 765–769. [Google Scholar] [CrossRef] [PubMed]

	



Klán, P.; Solomek, T.; Bochet, C.G.; Blanc, A.; Givens, R.; Rubina, M.; Popik, V.; Kostikov, A.; Wirz, J. Photoremovable protecting groups in chemistry and biology: Reaction mechanisms and efficacy. Chem. Rev. 2013, 113, 119–191. [Google Scholar] [CrossRef]

	



Ang, J.M.; Riaz, I.B.; Kamal, M.U.; Paragh, G.; Zeitouni, N.C. Photodynamic therapy and pain: A systematic review. Photodiagnosis Photodyn. Ther. 2017, 19, 308–344. [Google Scholar] [CrossRef]

	



Galdeano, C.; Gadd, M.S.; Soares, P.; Scaffidi, S.; Van Molle, I.; Birced, I.; Hewitt, S.; Dias, D.M.; Ciulli, A. Structure-guided design and optimization of small molecules targeting the protein–protein interaction between the von Hippel–Lindau (VHL) E3 ubiquitin ligase and the hypoxia inducible factor (HIF) alpha subunit with in vitro nanomolar affinities. J. Med. Chem. 2014, 57, 8657–8663. [Google Scholar] [CrossRef]

	



Yu, F.; White, S.B.; Zhao, Q.; Lee, F.S. HIF-1α binding to VHL is regulated by stimulus-sensitive proline hydroxylation. Proc. Natl. Acad. Sci. USA 2001, 98, 9630–9635. [Google Scholar] [CrossRef]

	



Min, J.-H.; Yang, H.; Ivan, M.; Gertler, F.; Kaelin, W.G., Jr.; Pavletich, N.P. Structure of an HIF-1α-pVHL complex: Hydroxyproline recognition in signaling. Science 2002, 296, 1886–1889. [Google Scholar]

	



Hon, W.-C.; Wilson, M.I.; Harlos, K.; Claridge, T.D.; Schofield, C.J.; Pugh, C.W.; Maxwell, P.H.; Ratcliffe, P.J.; Stuart, D.I.; Jones, E.Y. Structural basis for the recognition of hydroxyproline in HIF-1α by pVHL. Nature 2002, 417, 975–978. [Google Scholar] [CrossRef]

	



Zengerle, M.; Chan, K.-H.; Ciulli, A. Selective small molecule induced degradation of the BET bromodomain protein BRD4. ACS Chem. Biol. 2015, 10, 1770–1777. [Google Scholar] [CrossRef]

	



Ranhotra, H.S. The estrogen-related receptor alpha: The oldest, yet an energetic orphan with robust biological functions. J. Recept. Signal Transduct. 2010, 30, 193–205. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, R.; Geissler, D.; Hagen, V.; Bendig, J. Mechanism of photocleavage of (coumarin-4-yl) methyl esters. J. Phys. Chem. A 2007, 111, 5768–5774. [Google Scholar] [PubMed]

	



Naro, Y.; Darrah, K.; Deiters, A. Optical control of small molecule-induced protein degradation. J. Am. Chem. Soc. 2020, 142, 2193–2197. [Google Scholar] [CrossRef] [PubMed]

	



Hatcher, J.M.; Wang, E.S.; Johannessen, L.; Kwiatkowski, N.; Sim, T.; Gray, N.S. Development of highly potent and selective steroidal inhibitors and degraders of CDK8. ACS Med. Chem. Lett. 2018, 9, 540–545. [Google Scholar] [CrossRef] [PubMed]

	



Winter, G.E.; Mayer, A.; Buckley, D.L.; Erb, M.A.; Roderick, J.E.; Vittori, S.; Reyes, J.M.; di Iulio, J.; Souza, A.; Ott, C.J. BET bromodomain proteins function as master transcription elongation factors independent of CDK9 recruitment. Mol. Cell 2017, 67, 5–18.e19. [Google Scholar] [CrossRef]

	



Lusic, H.A.; Deiters, A. A new photocaging group for aromatic N-heterocycles. Synthesis 2006, 2006, 2147–2150. [Google Scholar]

	



Young, D.D.; Lively, M.O.; Deiters, A. Activation and deactivation of DNAzyme and antisense function with light for the photochemical regulation of gene expression in mammalian cells. J. Am. Chem. Soc. 2010, 132, 6183–6193. [Google Scholar] [CrossRef]

	



Ankenbruck, N.; Courtney, T.; Naro, Y.; Deiters, A. Optochemical control of biological processes in cells and animals. Angew. Chem. Int. Ed. 2018, 57, 2768–2798. [Google Scholar] [CrossRef]

	



Xue, G.; Wang, K.; Zhou, D.; Zhong, H.; Pan, Z. Light-induced protein degradation with photocaged PROTACs. J. Am. Chem. Soc. 2019, 141, 18370–18374. [Google Scholar] [CrossRef]

	



Fischer, E.S.; Böhm, K.; Lydeard, J.R.; Yang, H.; Stadler, M.B.; Cavadini, S.; Nagel, J.; Serluca, F.; Acker, V.; Lingaraju, G.M.; et al. Structure of the DDB1–CRBN E3 ubiquitin ligase in complex with thalidomide. Nature 2014, 512, 49–53. [Google Scholar]

	



Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al. Selective inhibition of BET bromodomains. Nature 2010, 468, 1067–1073. [Google Scholar] [CrossRef] [PubMed]

	



Toyama, R.; Rebbert, M.L.; Dey, A.; Ozato, K.; Dawid, I.B. Brd4 associates with mitotic chromosomes throughout early zebrafish embryogenesis. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2008, 237, 1636–1644. [Google Scholar] [CrossRef]

	



Buhimschi, A.D.; Armstrong, H.A.; Toure, M.; Jaime-Figueroa, S.; Chen, T.L.; Lehman, A.M.; Woyach, J.A.; Johnson, A.J.; Byrd, J.C.; Crews, C.M. Targeting the C481S ibrutinib-resistance mutation in Bruton’s tyrosine kinase using PROTAC-mediated degradation. Biochemistry 2018, 57, 3564–3575. [Google Scholar] [CrossRef]

	



Reynders, M.; Trauner, D. Optical control of targeted protein degradation. Cell Chem. Bio. 2021, 28, 969–986. [Google Scholar] [CrossRef] [PubMed]

	



Negi, A.; Kieffer, C.; Voisin-Chiret, A.S. Azobenzene Photoswitches in Proteolysis Targeting Chimeras: Photochemical Control Strategies and Therapeutic Benefits. ChemistrySelect 2022, 7, e202200981. [Google Scholar] [CrossRef]

	



Jin, Y.H.; Lu, M.C.; Wang, Y.; Shan, W.X.; Wang, X.Y.; You, Q.D.; Jiang, Z.Y. Azo-PROTAC: Novel light-controlled small-molecule tool for protein knockdown. J. Med. Chem. 2020, 63, 4644–4654. [Google Scholar] [CrossRef] [PubMed]

	



Pfaff, P.; Samarasinghe, K.T.; Crews, C.M.; Carreira, E.M. Reversible spatiotemporal control of induced protein degradation by bistable PhotoPROTACs. ACS Cent. Sci. 2019, 5, 1682–1690. [Google Scholar] [CrossRef]

	



Reynders, M.; Matsuura, B.S.; Bérouti, M.; Simoneschi, D.; Marzio, A.; Pagano, M.; Trauner, D. PHOTACs enable optical control of protein degradation. Sci. Adv. 2020, 6, eaay5064. [Google Scholar] [CrossRef]

	



Negi, A.; Reilly, C.O.; Jarikote, D.V.; Zhou, J.; Murphy, P.V. Multi-targeting protein-protein interaction inhibitors: Evolution of macrocyclic ligands with embedded carbohydrates (MECs) to improve selectivity. Eur. J. Med. Chem. 2019, 176, 292–309. [Google Scholar] [CrossRef]

	



Chamberlain, P.P.; Lopez-Girona, A.; Miller, K.; Carmel, G.; Pagarigan, B.; Chie-Leon, B.; Rychak, E.; Corral, L.G.; Ren, Y.J.; Wang, M.; et al. Structure of the human Cereblon–DDB1–lenalidomide complex reveals basis for responsiveness to thalidomide analogs. Nat. Struct. Mol. Biol. 2014, 21, 803–809. [Google Scholar] [CrossRef] [PubMed]

	



Tokarski, J.S.; Newitt, J.A.; Chang, C.Y.; Cheng, J.D.; Wittekind, M.; Kiefer, S.E.; Kish, K.; Lee, F.Y.; Borzillerri, R.; Lombardo, L.J.; et al. The structure of Dasatinib (BMS-354825) bound to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant ABL mutants. Cancer Res. 2006, 66, 5790–5797. [Google Scholar] [CrossRef]

	



Kitagawa, D.; Nakahama, T.; Nakai, Y.; Kobatake, S. 1, 2-Diarylbenzene as fast T-type photochromic switch. J. Mater. Chem. C 2019, 7, 2865–2870. [Google Scholar] [CrossRef]

	



Zorba, A.; Nguyen, C.; Xu, Y.; Starr, J.; Borzilleri, K.; Smith, J.; Zhu, H.; Farley, K.A.; Ding, W.; Schiemer, J.; et al. Delineating the role of cooperativity in the design of potent PROTACs for BTK. Proc. Natl. Acad. Sci. USA 2018, 115, E7285–E7292. [Google Scholar] [CrossRef] [PubMed]

	



Douglass, E.F., Jr.; Miller, C.J.; Sparer, G.; Shapiro, H.; Spiegel, D.A. A comprehensive mathematical model for three-body binding equilibria. J. Am. Chem. Soc. 2013, 135, 6092–6099. [Google Scholar]

	



Brand, M.; Jiang, B.; Bauer, S.; Donovan, K.A.; Liang, Y.; Wang, E.S.; Nowak, R.P.; Yuan, J.C.; Zhang, T.; Kwiatkowski, N.; et al. Homolog-Selective Degradation as a Strategy to Probe the Function of CDK6 in AML. Cell Chem. Biol. 2019, 26, 300–306.e9. [Google Scholar] [CrossRef]

	



Rullo, A.; Reiner, A.; Reiter, A.; Trauner, D.; Isacoff, E.Y.; Woolley, G.A. Long wavelength optical control of glutamate receptor ion channels using a tetra-ortho-substituted azobenzene derivative. Chem. Commun. 2014, 50, 14613–14615. [Google Scholar] [CrossRef]

	



Borowiak, M.; Nahaboo, W.; Reynders, M.; Nekolla, K.; Jalinot, P.; Hasserodt, J.; Rehberg, M.; Delattre, M.; Zahler, S.; Vollmar, A.; et al. Photoswitchable inhibitors of microtubule dynamics optically control mitosis and cell death. Cell 2015, 162, 403–411. [Google Scholar] [CrossRef]

	



Trads, J.B.; Hüll, K.; Matsuura, B.S.; Laprell, L.; Fehrentz, T.; Görldt, N.; Kozek, K.A.; Weaver, C.D.; Klöcker, N.; Barber, D.M.; et al. Sign inversion in photopharmacology: Incorporation of cyclic azobenzenes in photoswitchable potassium channel blockers and openers. Angew. Chem. 2019, 131, 15567–15574. [Google Scholar] [CrossRef]

	



Hu, Z.; Crews, C.M. Recent Developments in PROTAC-Mediated Protein Degradation: From Bench to Clinic. ChemBioChem 2022, 23, e202100270. [Google Scholar] [CrossRef]

	



Bondeson, D.P.; Smith, B.E.; Burslem, G.M.; Buhimschi, A.D.; Hines, J.; Jaime-Figueroa, S.; Wang, J.; Hamman, B.D.; Ishchenko, A.; Crews, C.M. Lessons in PROTAC design from selective degradation with a promiscuous warhead. Cell Chem. Biol. 2018, 25, 78–87.e5. [Google Scholar] [CrossRef] [PubMed]

	



Smith, B.E.; Wang, S.L.; Jaime-Figueroa, S.; Harbin, A.; Wang, J.; Hamman, B.D.; Crews, C.M. Differential PROTAC substrate specificity dictated by orientation of recruited E3 ligase. Nat. Commun. 2019, 10, 131. [Google Scholar] [CrossRef] [PubMed]

	



Crew, A.P.; Raina, K.; Dong, H.; Qian, Y.; Wang, J.; Vigil, D.; Serebrenik, Y.V.; Hamman, B.D.; Morgan, A.; Ferraro, C.; et al. Identification and characterization of Von Hippel-Lindau-recruiting proteolysis targeting chimeras (PROTACs) of TANK-binding kinase 1. J. Med. Chem. 2018, 61, 583–598. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, B.; Hu, J.; Xu, F.; Chen, Z.; Bai, L.; Fernandez-Salas, E.; Lin, M.; Liu, L.; Yang, C.Y.; Zhao, Y.; et al. Discovery of a small-molecule degrader of bromodomain and extra-terminal (BET) proteins with picomolar cellular potencies and capable of achieving tumor regression. J. Med. Chem. 2018, 61, 462–481. [Google Scholar] [CrossRef]

	



Bléger, D.; Schwarz, J.; Brouwer, A.M.; Hecht, S. o-Fluoroazobenzenes as readily synthesized photoswitches offering nearly quantitative two-way isomerization with visible light. J. Am. Chem. Soc. 2012, 134, 20597–20600. [Google Scholar] [CrossRef] [PubMed]

	



Knie, C.; Utecht, M.; Zhao, F.; Kulla, H.; Kovalenko, S.; Brouwer, A.M.; Saalfrank, P.; Hecht, S.; Bléger, D. ortho-Fluoroazobenzenes: Visible light switches with very long-lived z isomers. Chem. Eur. J. 2014, 20, 16492–16501. [Google Scholar] [CrossRef]

	



Passlick, S.; Richers, M.T.; Ellis-Davies, G.C. Thermodynamically stable, photoreversible pharmacology in neurons with one-and two-photon excitation. Angew. Chem. Int. Ed. 2018, 130, 12734–12737. [Google Scholar] [CrossRef]

	



Velema, W.A.; Szymanski, W.; Feringa, B.L. Photopharmacology: Beyond proof of principle. J. Am. Chem. Soc. 2014, 136, 2178–2191. [Google Scholar] [CrossRef]

	



Vilella-Bach, M.; Nuzzi, P.; Fang, Y.; Chen, J. The FKBP12-rapamycin-binding domain is required for FKBP12-rapamycin-associated protein kinase activity and G1 progression. J. Biol. Chem. 1999, 274, 4266–4272. [Google Scholar] [CrossRef]

	



Li, J.; Wen, P.-C.; Moradi, M.; Tajkhorshid, E. Computational characterization of structural dynamics underlying function in active membrane transporters. Curr. Opin. Struct. Biol. 2015, 31, 96–105. [Google Scholar] [CrossRef]

	



Zhang, X.; Wu, W. Ligand-mediated active targeting for enhanced oral absorption. Drug Discov. Today 2014, 19, 898–904. [Google Scholar] [CrossRef] [PubMed]

	



Anand, B.S.; Dey, S.; Mitra, A.K. Current prodrug strategies via membrane transporters/receptors. Expert Opin. Biol. Ther. 2002, 2, 607–620. [Google Scholar] [CrossRef] [PubMed]

	



Negi, A.; Voisin-Chiret, A.S. Strategies to reduce the On-target Platelet Toxicity of Bcl-xL Inhibitors: PROTACs, SNIPERs and Prodrug-based approaches. ChemBioChem 2022, e202100689. [Google Scholar]

	



Zhang, C.; Zeng, Z.; Cui, D.; He, S.; Jiang, Y.; Li, J.; Huang, J.; Pu, K. Semiconducting polymer nano-PROTACs for activatable photo-immunometabolic cancer therapy. Nat. Commun. 2021, 12, 2934. [Google Scholar] [CrossRef]

	



Negi, A.; Kesari, K.K. Chitosan Nanoparticle Encapsulation of Antibacterial Essential Oils. Micromachines 2022, 13, 1265. [Google Scholar] [CrossRef]

	



Profio, A.E. Light transport in tissue. Appl. Opt 1989, 28, 2216–2222. [Google Scholar] [CrossRef]

	



Zhang, H.; Salo, D.C.; Kim, D.M.; Komarov, S.; Tai, Y.C.; Berezin, M.Y. Penetration depth of photons in biological tissues from hyperspectral imaging in shortwave infrared in transmission and reflection geometries. J. Biomed. Opt. 2016, 21, 126006. [Google Scholar] [CrossRef]

	



Cabré, G.; Garrido-Charles, A.; Moreno, M.; Bosch, M.; Porta-de-la-Riva, M.; Krieg, M.; Gascón-Moya, M.; Camarero, N.; Gelabert, R.; Lluch, J.M.; et al. Rationally designed azobenzene photoswitches for efficient two-photon neuronal excitation. Nat. Commun. 2019, 10, 907. [Google Scholar] [CrossRef]

	



Helmy, S.; Leibfarth, F.A.; Oh, S.; Poelma, J.E.; Hawker, C.J.; Read de Alaniz, J. Photoswitching using visible light: A new class of organic photochromic molecules. J. Am. Chem. Soc. 2014, 136, 8169–8172. [Google Scholar] [CrossRef]

	



Crespi, S.; Simeth, N.A.; König, B. Heteroaryl azo dyes as molecular photoswitches. Nat. Rev. Chem. 2019, 3, 133–146. [Google Scholar] [CrossRef]

	



Vickerman, B.M.; Zywot, E.M.; Tarrant, T.K.; Lawrence, D.S. Taking phototherapeutics from concept to clinical launch. Nat. Rev. Chem. 2021, 5, 816–834. [Google Scholar] [CrossRef] [PubMed]

	



Negi, A.; Alex, J.M.; Amrutkar, S.M.; Baviskar, A.T.; Joshi, G.; Singh, S.; Banerjee, U.C.; Kumar, R. Imine/amide–imidazole conjugates derived from 5-amino-4-cyano-N1-substituted benzyl imidazole: Microwave-assisted synthesis and anticancer activity via selective topoisomerase-II-α inhibition. Bioorganic Med. Chem. 2015, 23, 5654–5661. [Google Scholar] [CrossRef]

	



Negi, A.; Mirallai, S.I.; Konda, S.; Murphy, P.V. An improved method for synthesis of non-symmetric triarylpyridines. Tetrahedron 2022, 121, 132930. [Google Scholar] [CrossRef]

	



Fernández, I. Understanding the reactivity of polycyclic aromatic hydrocarbons and related compounds. Chem. Sci. 2020, 11, 3769–3779. [Google Scholar] [CrossRef] [PubMed]

	



Velema, W.A.; Hansen, M.K.; Lerch, M.M.; Driessen, A.J.; Szymanski, W.; Feringa, B.L. Ciprofloxacin–photoswitch conjugates: A facile strategy for photopharmacology. Bioconjugate Chem. 2015, 26, 2592–2597. [Google Scholar] [CrossRef]








[image: Applsci 12 09674 g001 550] 





Figure 1. The electromagnetic (EM) spectrum range covers frequencies, radiofrequency (3 Hz–300 GHz), microwaves, IR, UV, and gamma-waves. 
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Figure 2. (A) PROTAC strategy workflow representation in targeted protein degradation. (B) Generalized chemical design of Photoswitchable PROTACs. (C) Generalized chemical design of Photocaged PROTACs. 
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Figure 3. Compilation of reported photocaged PROTACs by researchers (A). ERRα PROTAC-2 targegting estrogen receptor. (B). PROTAC-4 as a bromodomain inhibitor (C). pc-PROTAC-1 and pc-PROTAC2 as bromodomain inhibitors. (D). pc-PROTAC-3 as a kinase inhibitor. 
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Figure 4. (A) Cocrystal VHL ligand binding to VHL E3 ligase, showing critical residue involvement in H-bonding interactions (reprinted (adapted) with permission from [35]; Copyright 2020 American Chemical Society). (B) Chemical transformation of VHL ligand into coumarin-photocaged VHL ligand. (C) Photochemical transformation of ERRα PROTAC-2 to ERRα PROTAC-1. 
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Figure 5. (A) Chemical design information revealed by X-ray cocrytallise thalidomide structure with CRBN E3-ligase (reprinted (adapted) with permission from [35]; Copyright 2020 American Chemical Society). (B) Chemical transformation of thalidomide with NPOM photolabile group. (C) Photochemical transformation of BRD4 PROTAC-4 to activate BRD4 PROTAC 3. 
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Figure 6. (A) Light-activating BRD4 protein photocaged PROTAC (pc-PROTAC1) into dBET1. (B) Chemial structure of pc-PROTAC2. (C) Light-induced release efficiency of pc-PROTAC1 to generate dBET1 (reprinted (adapted) with permission from [41]; Copyright 2019 American Chemical Society). 
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Figure 7. (A) Chemical design transformation of pc-PROTAC3 from ibrutinib. (B) Upon irradiation, dose-dependent reduction of cellular BTK levels by pc-PROTAC3. (C) Western blot assay result of the BTK levels at various irradiation times in Ramos cells. Subfigures (B,C) reprinted (adapted) with permission from [41]; Copyright 2019 American Chemical Society. 
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Figure 8. Photoswitchable PROTACs: Light-activating azoswitch brings the conformation change in the PROTAC structure, either facilitating its availability for simultaneous binding to POI and E3 ligase or shortening the linker length required to reach both proteins (POI and E3 ligase) at the same time. Such conformational changes, typically display a reversible configurational isomerization with the corresponding activity–inactivity towards specific protein degradation [47]. 
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Figure 9. Schematic representation of reported Photoswitchable PROTACs. The figure was reproduced with the permission of Negi et al. [47]; Copyright © 2022 Chemistry Europe. 
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Figure 10. (A) X-ray structure of Homo sapiens cereblon with DNA-damage-binding protein 1 and lenalidomide (PDB id: 4TZ4) [52]. (B) X-ray structure of ABL protein with dasatinib (PDB id: 2GQG) [53]. (C) Docking of Azo-PROTAC-4C-trans and CRBN. Subfigures (A–C) were adapted with permission from Jin et al. [48]; Copyright © 2020 American Chemical Society. 
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Figure 11. (A) Chemical design for Azo-PROTACs. (B) Linker length screening for Azo-PROTACs. 
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Figure 12. PHOTACs: PROTACs based on azobenzene photoswitches (PHOTAC-I-1-12) and PROTACs based on diazocine photoswitch (PHOTAC-I-13) for bromodomain proteins (BRD2, BRD3, and BRD4). 
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Figure 13. (A) Structure of ARV-771, a BET PROTAC. (B) Molecular azoswitch frames: o-F4 azobenzene modular switches as “pull–pull” and “push–pull”. (C) Derivatized photoswitchable PROTAC with “pull–pull” diacid azoswitch. 
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Figure 14. Chemical design of photoswitchable PROTACs for FKBP12 protein. 
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