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Abstract

Traditionally, biological probes and drugs have targeted the activities of proteins (such as enzymes 

and receptors) that can be easily controlled by small molecules. The remaining majority of the 

proteome has been deemed “undruggable”. By using small molecule modulators of the ubiquitin 

proteasome, protein levels, rather than protein activities can be targeted instead, increasing the 

number of druggable targets. While targeting the proteasome itself can lead to a global increase in 

protein levels, targeting other components of the UPS (e.g., the hundreds of E3 ubiquitin ligases) 

can lead to an increase in protein levels in a more targeted fashion. Alternatively, multiple 

strategies for inducing protein degradation with small molecule probes are emerging. With the 

ability to induce and inhibit the degradation of targeted proteins, small molecule modulators of the 

UPS have the potential to significantly expand the druggable portion of the proteome beyond 

traditional targets such as enzymes and receptors.
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1. Introduction

Current techniques in molecular biology and genetics allow for virtually any gene to be 

knocked down or overexpressed in cell culture and in animal models. However, 

pharmacological control of genes is desirable both for the development of therapeutics and 

for biological studies due to the improved temporal control and reversibility.[1] 

Unfortunately, currently available small molecule probes and drugs are much more limited 

in their possible targets than genetic methods.[2] Traditionally, pharmacological probes have 

been limited to targeting enzymes and receptors that contain well-defined pockets that 

tightly bind small molecules. This has left many proteins, including those that act through 

protein-protein interactions as scaffolds, to be deemed “undruggable”.[3] Finally, while 

small molecules that act to activate, rather than inhibit, protein activity are known (such as 

receptor agonists), they act on an even smaller subset of the proteome than inhibitors.
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An alternative to small molecule inhibition and activation of protein activity that would 

more closely mimic the results of molecular biological techniques would be to control 

protein levels, which can be accomplished at the post-translational level through the 

modulation of the ubiquitin proteasome system (UPS). Small molecule control of protein 

levels at the level of transcription is also an exciting area of research with its own set of 

challenges and is therefore beyond the scope of this review. Small molecule inhibitors of the 

ubiquitination cascade or of the proteasome offer the possibility of stabilizing proteins 

targeted by the UPS with varying levels of specificity depending on the target. Inhibitors of 

deubiquitinases and chaperones that rescue proteins from proteasomal degradation offer the 

ability to decrease the levels of specific proteins. Additionally, multiple strategies are being 

developed that seek to highjack the UPS to induce degradation of proteins not already 

targeted by the UPS.

1.1 Overview of the Ubiquitin Proteasome System

The ubiquitin proteasome system is a complex, coordinated process involving the covalent 

coupling of the 76 amino acid protein ubiquitin to targeted proteins, leading to their 

subsequent recognition and degradation by the 26S proteasome.[4] The process begins with 

the E1 ubiquitin-activating enzyme (UAE or Uba1), which first adenylates the C-terminus of 

ubiquitin (consuming ATP in the process), forming a reactive thioester bond on a surface 

cysteine. The E1 then transfers the activated ubiquitin to an E2 ubiquitin-conjugating 

enzyme, forming a new thioester. One of the over 600 E3 ligases then acts as an adaptor 

(except in the case of the HECT family of E3 ligases, which involve the formation of a third 

thioester intermediate), bringing the E2-ubiquitin complex into proximity with the target 

protein, facilitating the transfer of ubiquitin to a surface lysine to form an isopeptide bond 

(Figure 1). The addition of ubiquitin is also reversible through the action of various 

deubiquitinating enzymes (DUBs).[4a, 6]

The process can then be repeated, by transferring additional ubiquitin units to the N-

terminus or one of the seven lysine residues on ubiquitin. The formation of a chain 

consisting of at least four ubiquitin moieties linked through Lys48 is recognized as being 

sufficient to target the target protein for degradation by the 26S proteasome.[5] This process 

involves the removal of the ubiquitin units (which are recycled) and then the processive 

degradation of the target protein into short peptide fragments (Figure 1).[4a] However, 

alternate linkages of ubiquitin chains are also possible, leading to a variety of biological 

consequences in addition to proteasome-mediated degradation. These include formation of 

Lys63 chains, which have been shown to be involved in the regulation of endocytosis. 

Mono-ubiquitination of proteins can have diverse biologicaleffects, sometimes through the 

induction of a conformational change in the target. Additionally, numerous ubiquitin-like 

proteins (UBLs) have been identified, such as SUMO and NEDD8, which are ligated to 

proteins through an analogous system but involving distinct enzymes. These UBLs also can 

have numerous effects, often through the induction of conformational changes in the target 

proteins.[6]
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2. Small Molecule-mediated Protein Stabilization: Inhibitors of Protein 

Degradation

Due to the multiple effects of ubiquitination on diverse biological processes (including cell 

cycle progression, apoptosis, oncogenesis, protein quality control and angiogenesis),[7] 

inhibition of proteasome dependent degradation presents numerous attractive targets for the 

development of therapeutic treatment for many diseases.Each class of enzymes, ranging 

from the E1, the roughly 40 E2 enzymes, the over 600 E3 ligases, and the multiple subunits 

of both the constitutive and immunoproteasomes, has both advantages and disadvantages as 

drug targets based upon their biological role, specificity and druggability.[6] While other 

processes (e.g., autophagy) can also control protein degradation, the small molecule control 

of these systems is beyond the scope of this work but has been recently reviewed 

elsewhere[8].

2.1. Proteasome Inhibitors

Currently, there are only two FDA approved drugs targeting the UPS, bortezomib/

Velcade™ and carfilzomib/Kyprolis™, which both directly inhibit the proteasome.[6b, 9] 

Numerous classes of proteasome inhibitors have been described[7, 9–10] including peptide 

aldehydes, peptidyl boronates, epoxyketones, vinyl sulfones[11], β-lactones[12], 

hydroxyureas,[13] α-keto-aldehydes[14] and others. Many include an electrophile that targets 

the key nucleophilic Thr1 residues in the catalytic β1, β3 and β5 subunits of the 

proteasome.[15] These electrophiles are often attached to a linear or cyclic peptidic chain 

mimicking the substrate protein. Additionally, noncovalent inhibitors have been reported 

such as TMC-95A[16] and the non-competitive imidazoline class.[17]

The first class of proteasome inhibitors identified was the peptide aldehydes,[18] of which 

MG132 (or Z-LLL), developed by Myogenics, is the most studied (Figure 2).[19] These 

compounds are potent (Ki = 4 nM),[19] covalent inhibitors of the chymotryptic-like activity 

of the β5 subunit. However, issues related to lack of selectivity towards other proteases 

(such as calpains and cathepsins), rapid oxidation and the rapid reversibility of the hemiketal 

formed with Thr1 prevented these compounds from being useful therapeutically. Regardless, 

the combination of potency and wide availability (at low relatively low cost) has led to 

MG132 being one of the most used proteasome inhibitors used in biological studies.[7] In 

addition to synthetic peptide aldehydes, natural products such as fellutamide B have also 

been shown to inhibit the proteasome.[20]

The work on peptide aldehydes led directly to discovery of the peptidyl boronates; it was 

discovered that conversion of the aldehyde of MG132 to a boronic acid (MG262 or Z-LLL-

boronate) led to a vast improvement in potency (Ki = 18 pM).[7] This increased potency 

allowed for the development of smaller, dipeptidyl boronic acids, such as bortezomib, 

developed by Myogenics/ProScript. This class also had the added benefit of increased 

specificity compared to peptide aldehydes, as the boronic acid moiety is far less capable of 

reacting with cysteine proteases such as cathepsins and calpains.[21] Bortezomib reversibly 

forms a tetrahedral borate with Thr1, which was demonstrated via x-ray crystallography.[22] 

After being purchased by Millennium Pharmaceuticals (now owned by Takeda), bortezomib 
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entered clinical trials in 1997 and was approved by the FDA in 2003 for use in multiple 

myeloma. Marketed as Velcade™, it is administered intravenously or subcutaneously and is 

currently under investigation for treatment of other cancers such as non-Hodgkin’s 

lymphoma.[6b, 21, 23]

Another class of proteasome inhibitors is the epoxyketones. The first epoxyketones 

described were eponemycin[24] and epoxomicin(Figure 2),[25] natural products isolated by 

BMS in the early 1990s based on their activity against melanoma cell lines. However, the 

mechanism of action of these compounds remained unknown until our lab completed the 

total syntheses of eponemycin,[26] epoxomicin,[27] and their respective biotinylated affinity 

reagents, which were used to show that both were potent inhibitors of the proteasome.[28] 

Our lab then demonstrated that the epoxyketones reacted with Thr1 of the proteasome to first 

form a hemiketal, followed by attack of the terminal amine on the epoxide to form a stable 

morpholine ring.[29] This two-step nucleophilic attack on the epoxyketone not only leads to 

irreversible (as opposed to the slowly reversible peptidyl boronates such as bortezomib) 

inhibitors of the proteasome, but also leads to specificity, due to the uniqueness of the N-

terminal threonine catalytic residue amongst proteases (Scheme 1).

After identifying the proteasome as the target of epoxomicin, our lab sought to optimize the 

selectivity of epoxyketones for the chymotrypsin-like activity of the proteasome over the 

other two primary activities, the trypsin-like activity and the caspase-like activity. An 

increasingly selective inhibitor was desirable as an improved chemical probe, helping to 

tease out the effects of inhibition of each of the catalytic subunits. Additionally, most 

proteasome inhibitors (including bortezomib and epoxomicin) already had significant 

selectivity for the chymotrypsin-like activity of the β5 subunit, suggesting that the 

therapeutic effects of these inhibitors were primarily due to the inhibition of this activity. 

The result of this optimization was YU101,[30] which had increased selectivity for the 

chymotrypsin-like activity over the trypsin-like activity and nearly 8000 fold over the 

caspase-like activity (Figure 2). We then were able to correlate the Kobs/[I] for the 

chymotrypsin-like activity with inhibition of cellular proliferation.[31]

These results were then licensed to Proteolix, Inc., which modified the compound by adding 

a morpholine moiety to increase solubility of the molecule. The resulting compound, 

carfilzomib[32] then entered clinical trials for multiple myeloma in patients resistant to 

bortezomib and either thalidomide or lenalidomide. In patients with refractory multiple 

myeloma, carfilzomib (administered intravenously) had an overall response rate of 23.7%, 

with a median duration of response of 7.8 months.[33] Based upon this Phase II study, as 

well as other data showing generally comparable safety profile (compared to bortezomib), as 

well as significantly improved rates of peripheral neuropathy, carfilzomib was approved by 

the FDA in 2012, and is currently being marketed by Onyx Pharmaceuticals (which 

purchased Proteolix in 2009) as Kyprolis™.[34]

In addition to the two FDA approved proteasome inhibitors, there remains a strong interest 

in the development of improved proteasome inhibitors for clinical use. One avenue of active 

research is to improve the bioavailability of proteasome inhibitors; currently there are 

multiple orally bioavailable proteasome inhibitors in clinical trials, such as ixazomib citrate 
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(MLN9708) from Millenium and oprozomib (ONX 912) from Onyx.[35] Another active area 

of research is the development of inhibitors that are selective for the immunoproteasome, 

which is expressed in lymphocytes. Inhibition of the immunoproteasome has been suggested 

to be a possible strategy for the treatment of autoimmune and neurodegenerative disorders. 

Inhibitors such as ONX 914 have selectivity for the immunoproteasome over the 

constitutive proteasome.Crystallographic studies have suggested that selectivity can be 

achieved due to the larger P1 pocket of the immunoproteasome.[36]

One concern about the use of proteasome inhibitors is that the inhibition of protein 

degradation leads to the formation of protein aggregates. While protein aggregation is linked 

with neurodegenerative disorders such as Alzheimer’s disease, bortezomib and carfilzomib 

do not readily cross the blood-brain barrier, their effect on the central nervous system should 

be limited,[32b, 37] although, as noted above, peripheral neuropathy is a serious side-effect of 

bortezomib treatment. The toxicity of the polyubiquitylated protein aggregates in non-

cancerous cells is undesirable; however, inhibition of other targets of the UPS will avoid this 

issue, highlighting one of the benefits of more targeted therapies.

2.2. Inhibitors of the E1 Ubiquitin-Activating Enzyme and Related E1s

The E1 ubiquitin-activating enzyme (UAE) carries out its function in two discrete steps. 

First, it adenylates the C-terminus of ubiquitin,then formsa covalent thioester bond with the 

active site cysteine. As inhibition at the E1 level would prevent ubiquitination, this would 

globally disrupt the UPS, and may have similar effects to proteasome inhibition (as opposed 

to targeting E2, E3 or DUB enzymes, which may have more specific effects). There has 

been significant interest in developing E1 inhibitors, and the topic has recently been 

reviewed.[38]

The first cell permeable inhibitor was the pyrazone, PYR41 (Figure 3), that was found to 

covalently inhibit UAE in cells, preventing ubiquitination and degradation by the 

proteasome of target proteins such as p53.[39] A similar inhibitor, PYZD4409, was also 

shown to induce cell death in malignant cells and have activity in a mouse model of 

leukemia.[40] In addition to the pyrazone UAE inhibitors, other inhibitors reported include 

the nitric oxide prodrug JS-K[41] and the disulfide NSC624206,[42] both of which act by 

modification of the catalytic cysteine. The natural product largazole, in addition to its better 

known affects on histone deacetylases, has also been shown to inhibit UAE by blocking 

ubiquitin adenylation (but not thioester formation).[43] While numerous UAE inhibitors have 

been developed, it is likely that new classes of inhibitors with increased specificity and drug-

like properties will need to be developed before they are of use therapeutically.[38]

In addition to the ubiquitin-activating enzyme (UAE), there are 7 other E1s that activate 

other UBLs. Millennium Pharmaceuticals has developed a small molecule inhibitor of the 

NEDD8 activating enzyme (NAE), MLN4924 that acts through an interesting mechanism 

termed substrate-assisted inhibition. MLN4924 is an adenine mimic which, in the presence 

of NAE, forms a covalent bond with NEDD8 through nucleophilic attack by the sulfamate 

group on the intermediary thioester (Scheme 2). The NEDD8-MLN4924 adduct is then able 

to act as a potent inhibitor of NAE, as a non-hydrolysable mimic of the adenylated-NEDD8 

intermediate.[44] As NEDDylation of cullin is important to the activity of cullin-RING 
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ligases (CRLs), a family of E3 ligases, inhibition of NAE has therapeutic potential. [6a, 44b] 

With this in mind, MLN4924 has entered into Phase I and I/II trials as a potential treatment 

for both hematologic and nonhematologic malignancies.[45]

2.3. Inhibition of E2 Ubiquitin-Conjugating Enzymes

The approximately 40 E2s are responsible for accepting ubiquitin or UBL units from the E1 

and transferring them to the target protein in conjunction with the E3 ligase (or for the 

transfer of ubiquitin to HECT E3 ligases). Despite the existence of a catalytic cysteine 

residue, development of E2 inhibitors has lagged behind E1 inhibitors, and only two E2 

inhibitors have been reported. Ceccarelli et al. described the first inhibitor of an E2 enzyme, 

which was discovered in a high throughput screen of inhibitors of p27Kip1 ubiquitination, 

which is important to cell cycle progression and a possible target in cancer. The cell-free 

assay reconstituted all the components of the ubiquitinylation machinery: biotinylated 

ubiquitin, the E1 enzyme Uba1, the E2 hCdc34, the E3 complex SCFSkp2 (as well as Cks1) 

and phosphorylated substrate, p27Kip1. CC0651 (Figure 4) was found to inhibit p27Kip1 

ubiquitination. The activity of CC0651 was found to be due to allosteric inhibition of 

hCdc34, which was confirmed by X-ray crystallography. CC0651 was shown to inhibit 

proliferation of cells and cause accumulation of p27Kip1.[46]

The inhibition of a distinct E2, Rad6 (essential for postreplication DNA repair), was recently 

reported. TZ9 was developed using a virtual screen and designed to bind to the catalytic site 

of Rad6. TZ9 was successful at inhibiting histone ubiquitination in vitro and inhibited cell 

proliferation. Unlike CC0651, which acts through an allosteric mechanism, TZ9 is predicted 

to block thioester formation, making it the first competitive E2 ligase inhibitor.[47] The 

SUMO E2, Ubc-9 has also been targeted for inhibition. Schneekloth and co-workers 

recently reported the identification of the flavonoid 2-D08, which inhibits the transfer of 

SUMO from Ubc-9 to a model substrate and inhibits SUMOylation of topoisomerase-1 in a 

cellular assay.[48]

2.4. Small Molecule Inhibitors of E3 Ligases

There are over 600 E3 ligases[6b] (divided into 4 families, HECT domains E3s, U-box E3s, 

monomeric RING E3s and multisubunit RING E3s)[6a] that catalyze the addition of 

ubiquitin or UBLs to their target proteins. The majority of substrate specificity of the UPS 

derives from the selectivity of the E3 ligases for their targets, making them attractive targets 

for the development of therapeutics. Unfortunately, most E3s lack any enzymatic activity, 

acting instead by bringing ubiquitin-loaded E2s into proximity with target proteins (the 

exception being HECT E3s, which form a thioester bond with ubiquitin before transferring it 

to their substrates). Therefore, inhibition of E3 ligases has generally required the targeting of 

protein-protein interactions, which are notoriously difficult to modulate using small 

molecule agents.[3]

The first E3 ligase successfully targeted was MDM2, which ubiquitinates the tumor 

suppressor p53. Roche reported the discovery of Nutlins, cis-imidazoline inhibitors of the 

MDM2-p53 interaction, which stabilize p53 in cells and inhibit growth of tumor xenographs 

in nude mice.[49] Since then, an orally administered Nutlin derivative, RG7112 (Figure 
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5),[50] has advanced to Phase I clinical trials for the treatment of solid and hematological 

tumors.[51] An additional MDM2 inhibitor, the tryptamine JNJ-26854165, is also orally 

administered and in Phase I clinical trials but appears to act instead by blocking the 

interaction between the p53-MDM2 complex with the proteasome.[51–52] Numerous other 

classes of MDM2 inhibitors have been developed,[53] including the spiro-oxindoles, which 

were discovered through structure-based design[54] and include MI-219[55] and MI-888.[56] 

However, while p53 is an important tumor suppressor, attempts to stabilize it will have little 

effect on the large percentage of cancers with mutated p53.[57]

In addition to MDM2 inhibitors, the Inhibitor of Apoptosis Protein (IAP) family of E3 

ligases has been extensively targeted, usually with largely peptidic or peptidomimetic 

inhibitors, inspired by the natural protein inhibitor of the IAPs, SMAC/DIABLO. The IAPs 

regulate apoptosis through numerous pathways, including caspase 3, 7 and 9 regulation. 

Inhibitors of IAPs have recently been reviewed extensively[58] and include numerous 

compounds in clinical trials (Figure 6).[6b] SMAC mimics bind to the BIR3 domains of 

IAPs, which is distinct from the RING domain. The pioneering work by Abbott led to the 

optimized peptidic ligand compound 11 (Figure 6).[59] The group of Shaomeng Wang at the 

University of Michigan optimized this core structure by replacing the cyclohexylglycine-

proline motif with a bicyclic structure, such as the one present in SM-122.[60] An additional 

peptidic IAP antagonist is MV1, developed by Genentech.[61]

The SCF (SKP1, CUL1, F-box protein) E3 ligases are a subfamily of the multi-subunit 

cullin-RING ligases (CRLs). They contain various F-box proteins which confer substrate 

specificity, and often recognize post-translational modifications on their targets, such as 

phosphorylation (Figure 7).[64] Numerous SCF members have been targeted with small 

molecule inhibitors. SCFSkp2 ubiquitinates numerous proteins involved in cell cycle control, 

such as p27Kip1. SCFSkp2 inhibitors were developed through virtual screening to target 

SCFSkp2-p27 interface. Both the rhodanine C1 and the pyrrolinone C2 inhibit the 

ubiquitination of p27 in vitro, leading to p27 accumulation in cells and inducing G1/S arrest 

in cells.[65] Recently, a class of chromones was also reported to inhibit SCFSkp2 by 

preventing the binding of Skp2 to remainder of the SCF complex. Their lead, compound 25, 

was found to have antitumor activity in animal models.[66] SMER3 was discovered through 

the use of a chemical genetics screen of enhancers of rapamycin and found to inhibit Met4 

ubiquitination by SCFMet30 through blockage of the interaction between Met30 and the core 

of the SCF complex.[67] Racemic SCFI2 was reported to inhibit the interaction between 

SCFCdc4 and its target, phosphorylated Sic1. However, crystallographic studies show that 

SCFI2 binds the WD40 propeller domain 25 Å away from the substrate-binding site and 

inhibits SCFCdc4 allosterically. [67b, 68]GS143(Figure 7) was reported as a putative 

SCFβTrCP1 inhibitor. GS143 stabilizes IκBα in cells. The authors hypothesized that it 

inhibits the SCFβTrCP1-IκBα interaction after excluding other mechanisms for the 

stabilization; however, no evidence of direct binding of GS143 to either SCFβTrCP1 or IκBα 

was reported.[69]

Recently, we reported the design of small molecules that can competitively bind to the 

primary HIF binding site on VHL, the substrate recognition subunit of a CRL. Drawing 

inspiration from the key hydroxyproline residue of HIF, we developed VL111. [70] Guided 
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by the x-ray crystal structures of VL111 and other early derivatives bound to VHL,[71] we 

optimized the VHL ligand, leading to VL116 and VL229 (Figure 8).[72] However, while 

these compounds were able to inhibit the interaction between VHL and fluorescent peptides 

derived from HIF in vitro, we have been unable to demonstrate ligand-induced HIF 

stabilization activity in cell based assays.

Thalidomide was originally developed for its sedative properties before it was infamously 

discovered to be a potent teratogen causing serious birth defects such as phocomelia (limb 

defects) and amelia (the lack of one or more limbs). While it was discontinued as a sedative, 

it is still in use today for treatment of serious disorders such as leprosy and multiple 

myeloma, despite its serious side effects. Recently, a study found that thalidomide bound to 

and inactivated the E3 ligase cereblon (CRBN), a component of a CRL important to limb 

development. This strongly indicates a mechanism for the side effects of thalidomide, 

possibly allowing for the development of thalidomide derivatives that do not target 

CRBN.[6b, 73]

2.5. Direct Small Molecule Stabilization of Destabilized Proteins and Shield

Direct ligand binding can also increase the stability of a protein, through a number of 

mechanisms. Ligand binding commonly increases the thermal stability of a protein, allowing 

for the use of differential scanning fluorimetry in high-throughput screening.[75] It can also 

reduce the protease susceptibility of the target protein, the basis of DARTS, a technique 

used to identify the cellular targets of small molecules.[76] However, the most striking 

stabilization in cells results from the use of ligand-responsive degrons.[77]

Building off of earlier work using rapamycin derivatives to stabilize mutated Frb*,[78] 

Wandless and coworkers mutated anFKBP12-YFP fusion protein using error prone PCR, 

then analyzed fluorescence in the presence then absence of FKBP12 ligand to screen for 

destabilized mutants of FKBP12 that are rescued upon addition of ligand. The L106P mutant 

was then analyzed further using a related ligand Shld1 and was found to rescue the 

degradation of numerous fusion proteins in cell culture[74] and in mice.[79] This technology 

was then modified to allow for the cleavage of the degron to yield the native protein in the 

presence of the stabilizing ligand.[80] An alternative use of Shld1 has the opposite effect and 

stabilizes proteins fused with mutated FKBP and a cryptic degron. This involves the 

tethering of FKBP to a degron sequence as well as a proline rich sequence designed to bind 

to the active site of FKBP. In the absence of Shld1, the degron is masked but upon its 

addition the degron becomes exposed leading to the degradation of the fusion protein.[81] 

While these systems require genetic manipulation, they have been widely used in studies 

allowing for time sensitive control of dendritic proteins[82] and transcription factors.[83]

3. Inducers of Protein Degradation

Inducing protein degradation is also a possible avenue for the development of therapeutics. 

Unlike enzyme inhibitors and antagonists, which are limited to specific subsets of proteins 

(i.e. enzymes and receptors), theoretically, any protein can be targeted for degradation. 

Proteins such as transcription factors or scaffolds that act through protein-protein 

interactions (PPIs) or protein-nucleic acid interactions have long been considered 
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“undruggable”.[3] Methods such as PROTACs that induce their degradation require only a 

ligand capable of binding to these targets,not inhibiting interactions that occur across large 

surface areas. Additionally, while inhibitors and antagonists control only a specific activity 

of their targets, degradation of the protein would lead to a loss of function of other activities 

(such as scaffolding functions).[2] Outside of the field of therapeutics, the use of small 

molecule probes that induce degradation is in many cases preferable to genetic knockdown 

with techniques such as RNAi due to the better temporal control and reversibility.[1b]

Induced degradation can also be useful in cases where resistance to therapeutics emerges 

without altering binding to the target. Mechanisms of resistance such as protein 

overexpression could theoretically be overcome by inducing protein degradation. In the case 

of the androgen receptor, resistance can emerge to antagonists such as flutamide not by 

preventing the binding of the antagonist, but by mutations that convert the antagonists into 

agonists.[84] Small molecule degraders avoid this issue, as the target protein would be 

degraded, preventing mutations that increase activity from generating resistance.

3.1. PROTACs: Heterobifunctional Molecules that Recruit Specific E3 Ligases to Targeted 
Proteins

PROteolysis TArgeting Chimeras, or PROTACs, are heterobifunctional molecules[85] that 

contain a ligand for an E3 ligase, a linker and a ligand for a protein that is to be targeted for 

degradation. The molecule can then bind to both the E3 ligase and the target, inducing the 

formation of a ternary complex. This hijacking of the E3 ligase can then lead to the 

polyubiquitination of the target protein, followed by its degradation by the proteasome 

(Figure 10).[1]

The first PROTAC (PROTAC-1) described contained a phosphopeptide derived from IκBα, 

which binds to the E3 ligase SCFβTrCP, as well as a moiety derived from ovalicin, which 

covalently binds MetAP-2 (Figure 11). PROTAC-1 was able to specifically and covalently 

bind to MetAP-2, recruiting it to SCFβTrCP and leading to its ubiquitination in vitro but 

lacked cell permeability.[86] Similar PROTACs were synthesized using the same IκBα 

phosphopeptide targeting both the AR and ER, but also lacked cell permeability.[87]

The first cell permeable PROTACs (PROTAC-4 and PROTAC-5) were developed by the 

incorporation of a peptide derived from HIF (ALAPYIP) that binds to VHL (after 

hydroxylation by PHD enzymes in situ), the substrate recognition portion of a CRL E3 

ligase. A poly-D-arginine chain was also added to aid cell permeability (Figure 11). This 

was linked to a ligand for FKBP12 (F36V)[88] to give PROTAC-4, which was able to 

degrade GFP-FKBP12 (F36V) in cells efficiently (at 25 μM). PROTAC-5contained a DHT 

moiety, and was used to degrade an androgen receptor/GFP fusion protein (at 25 μM) in 

cells.[89] The same HIF peptide, or related sequences (either as the proline residue which is 

hydroxylated in situ, or as the hydroxyproline, and of different lengths), has been used 

repeatedly in numerous PROTACs to target the estrogen receptor[90], the aryl hydrocarbon 

receptor[91], often achieving degradation in cells without the need of the poly-D-arginine 

chain.
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Recently we reported two peptidic PROTACs with activity dependent upon the cellular 

response to external stimuli. In response to stimulus by growth factors receptor tyrosine 

kinases dimerize and undergo transautophosphorylation on specific Tyr residues. This 

phosphorylation event leads to recruitment of effector/substrates containing PTP and SH2 

domains. We designed TrkAPPFRS2α by combining the peptidic phosphorylation sequence 

from the NGF receptor, TrkA; the VHL binding fragment from previous PROTACs; and the 

octa-D-Arg sequence to allow for cell permeability. Treatment of NGF stimulated PC12 

cells with 60 μM TrkAPPFRS2α led to roughly 90% knockdown of the effector/substrate 

FRS2α. No degradation was observed in cells that were not treated with NGF, or cells that 

were treated with the control TrkANPFRS2α.[92]

Based upon these results, a second phosphoPROTAC, ErbB2PPPI3K, was designed based off 

of a peptidic sequence ErbB3, which is phosphorylated by ErbB2 in response to neuregulin, 

leading to binding of PI3K. ErbB2PPPI3K causes neuregulin dependent degradation of PI3K 

and decreased activation of its downstream effector Akt. This leads to dose dependent 

toxicity of ErbB2PPPI3K in MCF-7 cells, whereas the control, ErbB2NPPI3K, had negligible 

toxicity. In a mouse xenograft model, daily treatment (10 mg/kg, i.p.) of ErbB2PPPI3K led to 

a 40% reduction in tumor size compared to the control ErbB2NPPI3K, the first demonstration 

of PROTAC activity in a mouse model.[92]

While peptidic PROTACs have shown efficacy in mice, there is a strong desire to design 

non-peptidic PROTACs using small molecule ligands for E3 ligases such as MDM2[93] and 

cIAP1 (Figure 11).[94] Such PROTACs would theoretically be more drug-like and would 

lead to more stable probe compounds or possibly be used as future therapeutics. We have 

previously found that using a Nutlin-based moiety to hijack the E3 ligase MDM2 can lead to 

the degradation of androgen receptor (AR),[93] albeit much less effectively than our previous 

work with peptidic VHL ligands.[89] Additionally, Hashimoto and coworkers have exploited 

bestatin esters, which recruit cellular inhibitor of apoptosis protein 1 (cIAP1) to lead to the 

degradation of cellular retinoic acid-binding proteins (CRABPs)[94] as well as nuclear 

receptors such as AR, the estrogen receptor and the retinoic acid receptor.[95] This subclass 

of PROTACs, termed SNIPERs (Specific and Nongenetic IAPs-dependent Protein ERasers) 

have been fairly successful but have numerous off-target effects due to the lack of 

specificity of bestatin (which had been developed as an aminopeptidase inhibitor before its 

binding to cIAP1 was discovered[96]). These compounds, like bestatin itself (as well as other 

IAP inhibitors[62]) also lead to the destabilization and degradation of cIAP1. Additionally, 

the reliance on hydrolytically unstable ester and oxime[97] linkages raises issues with regard 

to stability. Furthermore, both PROTACs (peptidic and small molecule) and SNIPERs suffer 

from low potency, often requiring concentrations up to 25 μM to achieve sufficient 

degradation. These issues highlight the need for improved E3 ligase targeting moieties to 

allow for more potent and drug-like PROTACs to be developed.

3.2 Hydrophobic Tagging and Ligand Mediated Degradation

In addition to PROTACs, which lead to the degradation of a target protein through the use of 

a direct E3 ligase ligand, there are a number of examples of ligand-mediated degradation 

using molecules lacking the ability to directly bind E3 ligases. One such example was 
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discovered in our lab after the observation that the use of hexylchloride tagged ligands for 

HaloTag2[98] fusion proteins led to their degradation. We then optimized the chloroalkane 

ligands for their ability to cause degradation of the HaloTag2 fusion proteins, finding that 

the addition of more hydrophobic led to more potent degradation, leading us to term it 

hydrophobic tagging. We found the adamantaneacetamide, HyT13to be most successful 

ligand at inducing this degradation as itled to roughly 75% degradation of numerous proteins 

(GFP, luciferase, Hras1G12V, Ror2, etc.) fused with HaloTag2 (Figure 12).[99] Furthermore, 

HyT13 was shown to be effective in degrading HaloTag2 fusion proteins in vivo achieving 

knockdown of HaloTag–Smad5 zebrafish and of HaloTag-Hras1G12V in mice, leading to 

reduction of tumor size in a xenograft model.[99] During the course of a small molecule 

screen, a compound, HALTS, was discovered that stabilized HaloTag2 fusion proteins (in 

the absence of HyT13) through direct binding to the active site (as determined by 

crystallography). This stabilization, reminiscent of the Shield system described above, 

allows for small molecule induced degradation and stabilization of the same system at 

once.[100]

Due in large part to stability issues of HaloTag2, Promega has continued to optimize the 

HaloTag system to increase stability and decrease the propensity of aggregation of the 

fusion proteins. Their result was the HaloTag7 protein,[102] which contains 22 point 

mutations from HaloTag2. We found that HyT13was much less efficacious in inducing 

degradation of HaloTag7 fusion proteins, resulting in less than 20% degradation of 

HaloTag7-GFP. After much optimization, we were able to find that related HyT36 (Figure 

12) was able to degrade more than half of HaloTag7-GFP.[101]

A similar system was recently reported by Hedstrom and coworkers involving the 

attachment of a Boc3Arg group covalent inhibitors of glutathione-S-transferase and a non-

covalent inhibitor of eDHFR. Treatment with EA-Boc3Arg led to the efficient degradation 

of roughly 80% of GST in lysates and whole cells. The noncovalent TMP-Boc3Arg was less 

effective, leading to 60% degradation of eDHFR in lysates but only 30% degradation in 

whole cells.[103]

In addition to these methods that have been designed to degrade carefully constructed 

systems and fusion proteins, similar ligand mediated degradation has been observed 

serendipitously in the course of traditional medicinal chemistry programs. The most notable 

is fulvestrant (Figure 14), an FDA approved estrogen receptor (ER) antagonist which works 

by inhibiting ER dimerization and nuclear localization.[104] However, binding of fulvestrant 

leads to a conformational change in the ER, forming a less stable complex, leading to its 

down regulation.[105] Another example is CI-1033, a covalent inhibitor of ErbB2 that 

induces its degradation by the proteasome.[106] The authors proposed that the covalent 

modification of the ATP-binding pocket alters the site, and leads to its ubiquitination (and 

subsequent degradation) by chaperone-mediated destructive system.[106]

While these examples of ligand mediated degradation lack the clear degradation signals (i.e. 

ligands to directly recruit E3 ligases) of PROTACs, they share similar features and may 

operate by related, albeit distinct mechanisms. A common motif found in many of these 

degraders is a hydrophobic patch attached via a linker to the ligand, which is often 
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covalently bound to the target. These ligands then can induce a conformational change or 

disrupt the binding to other members in a multi-protein complex. These non-native states of 

the target protein may then be recognized by the cell’s machinery to detect misfolded 

proteins, leading to their degradation and ubiquitination. However, the nature of this 

proposed mechanism, which is heavily reliant upon the targets ability to adopt a non-native 

state, likely may prevent rational application of this approach to novel targets.

3.3. Related Systems Requiring Genetic Manipulation

While the above systems have often targeted genetically modified targets, they all have been 

shown to operate on endogenous proteins as well. A variety of related methods have proven 

successful at leading to the targeted degradation of proteins, but require genetic 

manipulation to operate. A notable example involved the fusion of the proteasomal subunit 

Rpn10 with Fpr1 in yeast.[107] The addition of rapamycin led to chemical induced 

dimerization with Tor1 fusion proteins, leading to their degradation. The success of this 

work demonstrated that direct localization to the proteasome was sufficient to degrade some 

proteins in the absence of polyubiquitination. Another related methodology that lacks small 

molecule control, but is highly analogous to the concept of PROTACs involves the 

development of chimeric E3 ligases.[108] Zhou et al. were able to generate a chimeric F-box 

proteins based upon Cdc4p and βTrCP that contained the N-terminal domain of a viral 

protein, E7 that binds to the retinoblastoma protein (pRB). Expression of these complexes in 

yeast and mammalian cells respectively led to the knockdown of pRB.[109] This system was 

also used to generate a βTrCP-E-cadherin chimera that binds to and degrades mutant β-

catenin that had developed resistance to its normal degradation pathway involving the 

APC.[110]

3.4. Geldanamycin Derivatives and Other Hsp90 Inhibitors

Geldanamycin, an ansamycin antibiotic, is a natural product identified based on its potent 

growth inhibitory effects on cells transformed with the tyrosine kinase v-src. Although it 

was originally believed to directly inhibit src, its effects were found in 1994 to be due to its 

inhibition of Hsp90, a molecular chaperone that assists in the refolding of damaged 

proteins,[111] leading to the degradation of src.[112] Further investigation showed that 

geldanamycin treatment led to the degradation of numerous other Hsp90 client proteins, 

such as the androgen receptor (AR), the estrogen receptor (ER), and kinases such as Raf[113] 

and HER. As many of these proteins are oncogenic, this has led to the study of Hsp90 

inhibitors as chemotherapeutics. The development of these inhibitors has been extensively 

reviewed,[114] and therefore will only be briefly summarized here.

While geldanamycin itself was too toxic for clinical study, a number of derivatives 

involving variable substitution on the quinone, such as 17-AAG and 17-DMAG have been 

studied in prostate and breast cancer models due to degradation of the AR and HER2. 17-

AAG progressed through phase I and phase II trials, before being discontinued.[114e] As the 

quinone moiety was largely responsible for the toxicity and metabolic instability of 

geldanamycin and its derivatives, purely synthetic Hsp90 inhibitors were developed. An 

early example was the purine PU3[115], which led to the development of the clinical 

candidate PU-H71 (administered intravenously).[116] Other examples of synthetic Hsp90 
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inhibitors in clinical trials include the isoxazole NVP-AUY922[117] and the prodrug 

SNX-5422 (PF-04929113).[118]

As geldanamycin and other Hsp90 inhibitors lack the ability to selectively degrade specific 

client proteins, an effort was made to develop geldanamycin hybrids that increased the 

specificity of the protein knockdown. The creation of a geldanamycin-estradiol hybrid was 

found to maintain the level of ER knockdown of geldanamycin, while reducing the 

knockdown of Her2, Raf-1 and IGF1R.[119] In a similar manner, in comparison to 

geldanamycin, a geldanamycin-testosterone hybrid led to sustained inhibition of cell growth 

in cells dependent upon the AR but significantly decreased growth inhibition of other cell 

lines that were AR independent.[120] As HER kinases are particularly sensitive to Hsp90 

inhibition and require dimerization to become activated, it was hypothesized that a 

geldanamycin dimer would have increased selectivity for HER2 degradation. In fact, a 

dimer with a 4-carbon linker was found to increase selectivity for HER2 degradation over 

Raf and IGFR.[121]

3.5 Small Molecule Inhibitors of Deubiquitinases (DUBs)

Ubiquitin and UBL units are linked to their protein targets (or to other units to form chains) 

through stable peptide and isopeptide bonds; however, the formation of these linkages is 

readily reversible through the action of the roughly 80 human deubiquitinases (DUBs). 

DUBs are subdivided into 5 families, JAMMs, which are zinc metalloproteases, as well as 

ubiquitin specific proteases (USPs), UCHs, OTUs and Josephins, which are all cysteine 

proteases. The purposes of these enzymes vary, including maturation of ubiquitin and other 

UBLs, removal of ubiquitin chains to prevent degradation and reverse non-degradation UBL 

signals and the recycling of ubiquitin chains during degradation by the proteasome. The 

specificity of DUBs varies and can involve recognition of specific target proteins or specific 

types of ubiquitin linkages. Due to their wide reaching effects within the UPS as well as 

their relatively druggable enzymatic activity, many DUBs may prove to be attractive 

therapeutic targets.[122]

USP7 (Ubiquitin-specific protease 7) is a deubiquitinase that has activity on numerous 

targets, including the E3 ligase MDM2. As USP7 stabilizes MDM2, downregulating the 

anti-oncogenic p53, USP7 presents an attractive target for the development of therapeutics 

for the treatment of cancer. The first small molecule inhibitor of USP7 described was HBX 

41,108[123]; however, it was later determined to be a non-specific DUB inhibitor.[124] HBX 

19,818 was found to specifically inhibit USP7 (lacking activity against a panel of other 

USPs and other DUBs) by covalently modifying the active Cys223.[124] Additionally, 

P005091 and P0050429 were recently reported to have dual activity against USP7 and 

USP47 in the low micromolar range and leading to inhibition in cells.[125]

Various other DUB inhibitors have been reported. LS1was discovered to inhibit UCH-L3 by 

screening a 1000 compound library in a FRET assay using fluorescently labeled ubiquitin 

attached to model substrates with fluorescent quenchers.[126] PR-619 was found to inhibit a 

broad range of DUBs and had good selectivity over other classes of cysteine proteases.[127] 

LDN91946 was reported to inhibit UCH-L1, which is potentially involved in Parkinson’s 

disease.[128]
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While inhibitors of DUB enzymes generally lead to increased degradation of their 

substrates, this is not always the case. The 26S proteasome has deubiquitinase activity, 

localized to subunits in the 19S regulatory unit. These deubiquitinases remove the 

polyubiquitin chains of proteins targeted for degradation by the proteasome and their 

removal of ubiquitin is necessary for the target proteins degradation. Therefore, inhibition of 

the DUB activity in the 19S regulatory particle should have similar effects to proteasome 

inhibitors described above. The small molecule b-AP15 was reported to inhibit the 19S 

associated DUBs UCHL5 (ubiquitin C-terminal hydrolase 5) and USP14, leading to 

accumulation of polyubiquitin. Using a mouse model, b-AP15 was then shown to inhibit 

tumor growth in vivo, validating 19S associated DUBs as a target for cancer treatment 

(Figure 18).[129] However, selective inhibition of USP14 addition with IU1was reported to 

have the opposite effect, leading to an increase in proteasome activity.[130] These results 

suggest either opposing effects of USP14 and UCHL5, or a possible redundancy where 

UCHL5 can compensate for inhibited USP14.

4. Summary and Outlook

In the 10 years since the approval of bortezomib/Velcade™, the first marketed drug to target 

the proteasome, great strides have been made in small molecule inhibitors of the UPS; 

however, these results have been slow to translate into the clinic. In 2012, the second 

proteasome inhibitor, carfilzomib/Kyprolis™ was approved for the treatment of relapsed 

and refractory multiple myeloma.[34] Currently, additional next generation proteasome 

inhibitors are being developed, including efforts to make an orally bioavailable drug and to 

selectively target the immunoproteasome.[35b]

The development of inhibitors of targets in the UPS other than the proteasome have also 

made great strides in the past decade, although none have made it to the market yet. 

Targeting E3 ligases is likely to allow for more specificity in control of protein stability than 

proteasome inhibitors but is also more difficult to accomplish due to their lack of defined 

catalytic residues. In 2004, the first E3 ligase inhibitors were reported targeting MDM2[49] 

as well as XIAP[59]. Since then, inhibitors of MDM2 and related IAPs have advanced to 

clinical trials and remain targets for various forms of cancer. The past 5 years have also seen 

reports of inhibitors of numerous other E3 ligases including various SCF complexes. Despite 

the current lack of clinically approved drugs targeting E3 ligases, the successes over the past 

decade should put to rest the once popular idea[57] that E3 ligases could not be targeted by 

small molecules.

Another approach that is more specific than direct inhibition of the proteasome is the 

inhibition of the E1 of the Ubl, NEDD8 (NAE). As NEDDylation of cullins is important for 

the activity of the CRL class of E3 ligases, NAE inhibitors such as MLN4924 (which is 

currently in phase I/II trials) can regulate a class of E3 ligases at once.[44b, 44c]

Inducers of protein degradation remain an attractive possibility for the development of 

therapeutics, due to their ability to target all of the functions of a protein (such as 

scaffolding), as opposed to inhibitors, which only target enzymatic activity.[2] Hsp90 

inhibitors are capable of inducing the degradation of a large swath of client proteins relevant 
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to cancer. Due to the large numbers of Hsp90 inhibitors advanced to clinical trials, they 

remain a promising class of possible therapeutics.[114d]

More research is required to develop general methods to induce targeted degradation. While 

fulvestrant is capable of inducing degradation of the estrogen receptor, it remains unclear 

how much of its efficacy is due to its activity as an estrogen receptor antagonist or its 

activity as an inducer of degradation.[104a] While there are other reports of ligand-mediated 

degradation,[99] it is unclear which proteins make good targets for such methods and what 

functionality is required to induce the process. Systems such as PROTACs help solve this 

problem through the use of bifunctional molecules that can recruit specific E3 ligases to a 

target protein but they suffer from a lack of drug-likeness and still require a potent ligand for 

the target protein.[86, 89, 94]
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Boc3Arg an arginine residue containing three Boc protecting groups

CRABP Cellular retinoic acid-binding protein

CRL Cullin-RING ligases, a multi subunit class of E3 ligases

DARTS Drug affinity responsive target stability

DHT Dihydrotestosterone

DUB Deubiquitinase

eDHFR E. coli dihydrofolate reductase

ER Estrogen receptor

FKBP FK506 binding protein

Frb FKBP12-rapamycin binding

GFP Green fluorescent protein

HECT Homologous to the E6-AP Carboxyl Terminus, a class of E3 ligases

HIF Hypoxia-inducible factor, a transcription factor that is ubiquitinated by VHL

IAP Inhibitor of apoptosis protein, a family of E3 ligases

MDM2 Mouse double minute 2 homolog, an E3 ligase

NAE NEDD8 activating enzyme

NEDD8 Neural Precursor Cell Expressed, Developmentally Down-Regulated 8, a 

UBL

PPI Protein-protein interaction

PROTAC Proteolysis targeting chimera, heterobifunctional molecules that hijack E3 

ligases to degrade proteins

RING Really interesting new gene, a domain found in manyE3 ligases

SCF Skp, cullin, F-box protein, a subfamily of the CRL E3 ligases that use 

multiple F-box proteins as adaptors for their substrates

SMAC Second mitochondria-derived activator of caspases, a protein that inhibits 

IAP E3 ligase activity

SNIPER Specific and Nongenetic IAPs-dependent Protein

ERaser a subclass of PROTACs that hijack an IAP E3 ligase

SUMO Small ubiquitin like modifier,a UBL

TMP Trimethoprim, an antibiotic that binds DHFR

UAE Ubiquitin-activating enzyme

Ub Ubiquitin

UBL Ubiquitin-like proteins
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UPS Ubiquitin proteasome system

VHL Von Hippel-Lindau tumor suppressor, the substrate recognition subunit of an 

E3 ligase

YFP Yellow fluorescent protein
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Figure 1. 
Summary of the Ubiquitin Proteasome Pathway (UPS). Ubiquitin is activated by the E1 

ubiquitin-activating enzyme and transferred to an E2 ubiquitinating conjugating enzyme. 

The E2 then transfers the ubiquitin to a target protein with the assistance of an E3 ubiquitin 

ligase that recognizes the target protein. The process may then be repeated to form 

polyubiquitin chains, which bind to the regulatory particle of the 26S proteasome, leading to 

the degradation of the target protein and the recycling of the ubiquitin units.[4a, 5]
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Figure 2. 
Summary of proteasome inhibitors, including the widely used probe compound MG132, as 

well as bortezomib/Velcade™ and carfilzomib/Kyprolis™, FDA approved drugs for the 

treatment of multiple myeloma.
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Figure 3. 
Small molecule inhibitors of E1 ubiquitin-activating enzyme.
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Figure 4. 
Small molecule inhibitors of E2 ligases. CC0651 inhibits hCdc34;[46a] TZ9 inhibits 

Rad6;[47] 2-D08 inhibits the SUMO E2, UBc-9.[48]
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Figure 5. 
Nutlin, the first MDM2 inhibitor and other selected MDM2 inhibitors.
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Figure 6. 
Summary of IAP inhibitors including AT-406 (developed by Ascenta Therapeutics and the 

University of Michigan),[62] which is administered orally in Phase 1 trials for solid tumors 

and lymphoma, Genentech/Roche’s GDC-0152 which is administered intravenously and is 

in Phase I trials for metastatic malignancies,[6b, 63] and the bivalent TL32711 (administered 

intravenously) developed by Tetralogics Pharma.[6b, 58] LCL161 (Novartis), AEG35156 and 

AEG40826 (Aegera), and YM155 (Astellas Pharma) are also in clinical trials but are not 
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shown.[6b, 58] Selected SMAC mimics such as SM-122 and MV1 are also shown but are not 

in clinical trials.
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Figure 7. 
A) Depiction of the SCF E3 ligase complex. The complex contains a cullin (which is 

NEDDylated when active) which binds a RING domain as well as the adaptor Skp1. Skp1 

also binds various F box proteins (such asβTrCP, Cdc4 and Skp2) which function as the 

substrate interaction motif, binding target proteins which are ubiquitinated. B) Inhibitors of 

SCF E3 ligases. The specific E3 inhibited is shown in parentheses.
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Figure 8. 
Structures of hydroxyproline-based molecules capable of inhibiting the interaction between 

VHL and a peptide derived from HIF in vitro.
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Figure 9. 
Shld1 is used to stabilize mutant FKBP proteins (as well as FKBP fusion proteins).[74]
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Figure 10. 
Strategies for induced protein degradation include direct recruitment of an E3 ligase with A) 

PROTACs, B) induced protein misfolding (or mimicking misfolding) with hydrophobic tags 

(or ligand-mediated degradation) and C) the inhibition of chaperones such as Hsp90.
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Figure 11. 
PROTACs are heterobifunctional molecules that combine an E3 ligase ligand (shown on the 

right) with ligands for various proteins of interest (shown on the left). This recruits the E3 

ligase to the protein of interest, leading to ubiquitination and degradation. Peptidic ligands 

have been used to target E3 ligases SCFβTrCP and VHL; small molecule ligands have been 

used to target MDM2 and cIAP1.
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Figure 12. 
Structures of HyT13 and HyT36 and their ability to degrade HaloTag-GFP fusion proteins at 

10 μM.[101]

Buckley and Crews Page 36

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Structures of Boc3Arg containing degraders of GST and eDHFR.
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Figure 14. 
Despite being designed as traditional antagonists or inhibitors, fulvestrant and CI-1033 were 

discovered to induce the degradation of the ER and ErbB2 respectively.
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Figure 15. 
Geldanamycin and analogs.
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Figure 16. 
Selected synthetic Hsp90 inhibitors: PU3,[115] PU-H71[116], NVP-AUY922[117] and 

SNX-5422[118].
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Figure 17. 
Inhibitors of DUBs. The specific DUB inhibited is shown in parentheses.
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Figure 18. 
Inhibitors of 19S regulatory particle associated DUBs. IU1 inhibits USP14 while b-AP15 

inhibits USP14 and UCHL5.
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Scheme 1. 
Proposed mechanism for the inactivation of the proteasome by epoxomicin. Initial hemiketal 

formation is followed by epoxide opening by the terminal amine, to form a stable 

morpholine adduct, which has been observed through x-ray crystallography.[29]
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Scheme 2. 
MLN4924 is able to react covalently with the activated NEDD8-NAE intermediate to form a 

non-hydrolysable covalent bond with NEDD8. The MLN4924-NEDD8 adduct then acts as a 

mimic of the adenylated-NEDD8 substrate, competitively inhibiting NAE.[44]

Buckley and Crews Page 44

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


