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Abstract

Targeted protein degradation induced by heterobifunctional compounds and molecular glues 

presents an exciting avenue for chemical probe and drug discovery. To date, small-molecule 

ligands have been discovered for only a limited number of E3 ligases, which is an important 

limiting factor for realizing the full potential of targeted protein degradation. We report herein 

the discovery by chemical proteomics of azetidine acrylamides that stereoselectively and site-

specifically react with a cysteine (C1113) in the E3 ligase substrate receptor DCAF1. We 

demonstrate that the azetidine acrylamide ligands for DCAF1 can be developed into electrophilic 

PROTACs (proteolysis-targeting chimeras) that mediated targeted protein degradation in human 

cells. We show that this process is stereoselective and does not occur in cells expressing a 

C1113A mutant of DCAF1. Mechanistic studies indicate that only low fractional engagement of 

DCAF1 is required to support protein degradation by electrophilic PROTACs. These findings, 

taken together, demonstrate how the chemical proteomic analysis of stereochemically defined 

electrophilic compound sets can uncover ligandable sites on E3 ligases that support targeted 

protein degradation.
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Introduction

Most small molecules affect the functions of proteins through binding-mediated agonism or 

antagonism. Targeted protein degradation has emerged as a distinct type of pharmacology 

wherein small molecules induce the formation of complexes between a substrate protein 

and a component of the ubiquitin-proteasome system (typically, an E3 ligase) to promote 

the physical turnover of the substrate protein1–3. Targeted protein degradation is often 

enacted by compounds termed PROTACs (proteolysis-targeting chimeras), which are 

heterobifunctional molecules that contain two independent recognition units – one that binds 

the substrate protein and the other that binds an E3 ligase – connected by a linker to form 

a ternary complex that brings the substrate protein into proximity of the E3 ligase, resulting 
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in substrate ubiquitination and proteasome-mediated degradation2, 4. PROTACs have the 

potential to address gaps in chemical probe and drug development by, for instance, providing 

a means to i) eliminate multidomain or multifunctional proteins for which small-molecule 

antagonism proves insufficient to block the full scope of protein activities, and ii) convert 

silent ligand-protein interactions into functional (degradation) outcomes2. The successful 

design of PROTACs and, for that matter, molecular glues (an attractive alternative class of 

degrader compounds that form direct contacts with both the substrate and E3 ligase without 

requiring linkers5–7) depends on identifying ligands for E3 ligases. Even though human cells 

express hundreds of E3 ligases, small-molecule ligands have been discovered so far for only 

a small number of these proteins2, 8, and most PROTACs utilize one of two E3 ligases 

– cereblon (CRBN) or VHL2, 9–10. Recent work indicates that CRBN and VHL display 

distinct and restricted substrate specificities for executing targeted protein degradation11–14. 

Discovering ligands for additional E3 ligases therefore represents an important objective for 

realizing the full potential of targeted protein degradation.

So far, efforts to expand the scope of E3 ligases addressable with small-molecule ligands 

have largely relied on phenotypic screening15–17 or focused studies of purified E3 

ligases18–19. This work has uncovered the potential to target a range of E3 ligases with 

covalent chemistry20, including DCAF16, DCAF11, RNF4, FEM1B, and RNF11415–19, 

which has enabled the design of electrophilic PROTACs that can promote targeted protein 

degradation at remarkably low stoichiometric engagement of the E3 ligase15–16 (reflecting 

the high catalytic potential of electrophilic PROTACs9). Nonetheless, the E3 ligase-targeting 

components of most of these PROTACs represent simple fragments bearing highly reactive 

cysteine-directed electrophiles such as α-chloroacetamides, and it therefore remains unclear 

whether such small molecule-E3 ligase interactions can be progressed to more advanced, 

selective chemical probes. Indeed, in multiple cases (e.g., DCAF11 and DCAF16), initial 

data suggest that the electrophilic PROTACs may have the capacity to engage more than one 

cysteine on the E3 ligase itself, underscoring the persistent challenges facing the discovery 

of selective electrophilic ligands for E3 ligases.

We recently introduced an activity-based protein profiling (ABPP) strategy for the chemical 

proteomic discovery of small molecule-protein interactions in human cells that leverages 

sets of stereoisomeric electrophilic compounds (or ‘stereoprobes’), wherein the interactions 

are prioritized based on a combination of cellular potency, stereochemical selectivity, 

and site-specificity21. Using these criteria, we discovered a striking number of cysteines 

on structurally and functionally diverse proteins that were stereoselectively engaged in 

primary human T cells by a focused set of tryptoline acrylamide stereoprobes. Here, 

we screened a distinct set of stereoisomeric azetidine acrylamides in human T cells 

using cysteine-directed mass spectrometry (MS)-ABPP21 These experiments identified a 

stereoselectively engaged cysteine (C1113) in the substrate binding domain of the Cullin4-

RING E3 ligase (CRL4) substrate receptor DCAF1 (or VPRBP). We show that azetidine 

acrylamide-derived PROTACs promote the degradation of multiple target proteins (FBKP12, 

BRD4) in a stereoselective manner that depends on DCAF1 and is blocked by mutation 

of C1113. We further demonstrate that the azetidine acrylamide PROTACs form a ternary 

complex with FKBP12 and DCAF1 and promote selective FBKP12 degradation at low 

fractional engagement (~20%) of DCAF1_C1113. These findings, taken together, designate 
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CRL4DCAF1 as an E3 ligase capable of supporting targeted protein degradation mediated by 

electrophilic PROTACS that act in a stereo- and site-selective manner.

Results and Discussion

Discovery of a stereo- and site-selective electrophilic compound-cysteine interaction in 
DCAF1.

Guided by the principles of diversity-oriented synthesis22, specifically the design of 

compounds with densely functionalized and entropically constrained sp3-rich cores bearing 

one or more stereocenters, we generated a set of azetidine acrylamide stereoprobes (Figure 

1A) and screened these compounds by cysteine-directed MS-ABPP23–26 in primary human 

T cells. Across more than 10000 quantified cysteines, these experiments uncovered several 

azetidine acrylamide-cysteine interactions (Figure 1B and Dataset S1), including the stereo- 

(Figure 1B, C) and site- (Figure 1D) selective engagement of C1113 on the E3 ligase 

substrate adaptor DCAF1. Among the azetidine acrylamides, MY-1B (2) showed the 

strongest reactivity with DCAF1_C1113, while the enantiomer MY-1A (1) was inactive 

(Figure 1B, C). A weaker enantioselective interaction was also observed for DCAF1_C1113 

with MY-3B (4) compared to MY-3A (3) (Figure 1B, C). Other quantified cysteines in 

DCAF1 were unaffected by MY-1B (Figure 1D).

DCAF1 is a multi-domain substrate receptor for CRL4 ligases (Figure 2A) that has diverse 

physiological and disease functions, including being co-opted by the HIV-2 virus to promote 

degradation of the antiviral host protein SAMHD127–28. This outcome is achieved by 

interactions between DCAF1 and the viral protein Vpx, and, interestingly, C1113, which is 

located in the WD40 domain of DCAF1, resides in close proximity to the Vpx interface29–30 

(Figure 2B). We verified the stereo- and site-selective engagement of DCAF1_C1113 by 

azetidine acrylamides using alkynylated analogues of MY-1A and MY-1B (MY-11A (5) and 

MY-11B (6), respectively; Figure 2C). For these experiments, we doped into HEK293T 

cell lysates a recombinantly expressed and purified form of DCAF1 containing the WD40 

domain (amino acids (aa) 1046–1396), in complex with the CRL4 adaptor protein DDB131, 

and exposed these samples to varying concentrations of MY-11A or MY-11B. After 1 h, we 

assessed MY-11A and MY-11B engagement of DCAF1 by copper-catalyzed azide-alkyne 

cycloaddition (CuAAC)32 with an azide-rhodamine reporter tag followed by SDS-PAGE 

and in-gel fluorescence scanning33. This gel-ABPP experiment revealed much greater 

concentration-dependent labeling of recombinant DCAF1 by MY-11B versus MY-11A, 

and this labeling was blocked by mutation of C1113 to alanine (DCAF1-C1113A mutant) 

(Figure 2D) or by pre-treatment with MY-1B, but not MY-1A (6.25 – 100 μM, 2 h pre-

treatment; Figure 2E, right). We used gel-ABPP to quantify an in vitro target engagement 

value (TE50) of approximately 25 μM (95% C.I. = 13 – 38 μM) for MY-1B labeling 

of DCAF1 (Figure 2E, left). Modeling studies also supported a preferred interaction of 

DCAF1_C1113 with MY-1B over the other stereoisomers MY-1A, MY-3A, and MY-3B 

(Figure S1). These data, combined with our original MS-ABPP studies in T cells, indicate 

that MY-1B serves as a stereo- and site-selective covalent ligand for C1113 of DCAF1.
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Design and characterization of DCAF1-directed electrophilic PROTACs.

Considering the location of C1113 at the interface of DCAF1 binding to the viral Vpx 

protein, which in turn recruits the host antiviral protein SAMHD1 for ubiquitination and 

degradation30, we hypothesized that covalent ligands targeting this cysteine might serve 

as the basis for PROTAC-mediated targeted protein degradation. The structural model for 

the MY-1B-DCAF1_C1113 complex suggested multiple potential exit vectors for PROTAC 

construction, including the para position of the phenyl ring and the acrylamide electrophile 

(Figure S2). For our initial studies, we elected to focus on constructing PROTACs that 

extended from the phenyl ring so that the acrylamide electrophile was left intact, as 

exchanging acrylamide for a butynamide, which could have provided an additional exit 

vector (i.e., off of the methyl group of the butynamide), created a compound that was 

unable to engage DCAF1 (Figure S3). We synthesized two heterobifunctional compounds – 

YT41R (7) and YT47R (9) – that connected MY-1B to the small molecule SLF (Figure 3A), 

which is a high-affinity ligand for FKBP12 that is frequently used for assessing PROTAC 

performance15–16, 34–37. YT41R and YT47R differed in the length of the PEG (polyethylene 

glycol) linker connecting the MY-1B and SLF units, and we also prepared two analogous 

control probes based on the inactive enantiomer MY-1A (YT41S (8) and YT47S (10); 

Figure 3A).

Gel-ABPP experiments revealed that both YT41R and YT47R produced a concentration-

dependent inhibition of MY-11B probe reactivity with recombinant DCAF1 (Figure 3B). 

The blockade of MY-11B labeling plateaued at ~75% at 20 μM test concentrations of 

YT41R and YT47R, which could reflect the limited solubility of these candidate PROTACs 

at higher concentrations. In contrast, YT41S and YT47S did not impair the MY-11B-

DCAF1 interaction (Figure 3B). Interestingly, we also observed an apparent gel-shift for 

recombinant DCAF1 by Coomassie blue staining in the presence of YT41R or YT47R (but 

not YT41S or YT47S), likely reflecting the substantial molecular weight change in the 

protein caused by covalent reaction with these compounds, which have MWs > 1000 Da 

(Figure 3B, lower image).

We next treated HEK293T cells co-transfected with FLAG epitope-tagged full length 

DCAF1 (aa 1 – 1507) and HA (hemagglutinin) epitope-tagged FKBP12 with a concentration 

range of YT41R or YT47R and, after 24 h, measured HA-FKBP12 abundance by Western 

blotting. Robust concentration-dependent degradation of HA-FKBP12 was observed for 

both YT41R and YT47R in co-transfected cells, but not HEK293T cells transfected 

only with HA-FKBP12 (Figure 4A). Evidence of YT41R/YT47R-induced degradation of 

FKBP12 was observed at concentrations of YT41R and YT47R as low at 0.25 μM (Figure 

S4) with a possible modest hook effect emerging at 5 μM (Figure 4A). Time-course studies 

revealed limited evidence of HA-FKBP12 degradation until ~24 h after treatment of FLAG-

DCAF1-transfected cells with YT41R and YT47R (Figure S5). We also found that YT47R 

promoted the degradation of endogenous FBKP12 in HEK293T cells expressing WT-, but 

not C1113A-DCAF1 (Figure S6).

YT41R and YT47R acted in a stereoselective manner, as the control enantiomeric probes 

YT41S and YT47S did not support HA-FKBP12 degradation (Figure 4B), and neither 
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compound promoted the degradation of FKBP12 in cells expressing a DCAF1-C1113A 

mutant (Figure 4C). We found that YT47R showed minimal additional effects on the 

HEK293T proteome, as, across >5000 proteins quantified by MS-based proteomics, only 

FKBP12 showed a substantial and significant stereoselective change in abundance in 

YT47R-treated HEK293T cells expressing WT-DCAF1 (Figure 4D, Table S1, Dataset S3). 

We should note that a handful of other proteins were also altered by YT47R, but these 

proteins were similarly changed by the inactive enantiomer YT47S (Table S1, Dataset 

S3), and we therefore conclude these protein changes were independent of DCAF1. While 

the YT47R-induced FKBP12 degradation measured by MS-proteomics appeared lower in 

magnitude than that observed in previous Western blotting experiments (compared bar 

graphs in Figure 4D and Figure 4A–C), we also observed a similarly attenuated degree 

of degradation when analyzing the samples prepared for MS-based proteomics by Western 

blotting (Figure S6). We interpret this difference to indicate that the adjusted conditions 

(cell density, media volume) required to prepare sufficient material for MS-based proteomics 

may have altered the potency and efficacy of YT47R. Finally, we found that YT47R also 

promoted the degradation endogenous FKBP12 in cells expressing DCAF1-WT protein, but 

not in cells expressing DCAF1-C1113A mutant protein (Figure S7).

Taken together, these data indicate YT41R and YT47R act as electrophilic PROTACs that 

promote the degradation of FKBP12 through the stereoselective engagement of C1113 of 

DCAF1.

Mechanistic studies of DCAF1-directed electrophilic PROTACs.

YT41R/YT47R-mediated degradation of HA-FKBP12 was blocked by pre-treatment with 

the proteasome inhibitor MG132 (5 μM, 1 h pre-treatment followed by 24 h co-treatment 

with YT41R/YT47R) (Figure 5A); however, interpretation of these experiments was 

complicated by the increased quantities of both HA-FKBP12 and FLAG-DCAF1 observed 

in MG132-treated cells (Figure 5A). On the other hand, treatment with the NAE inhibitor 

MLN4924, which blocks the Neddylation and activity of cullin-RING E3 ligases38, also 

impaired YT41R/YT47R-mediated degradation of HA-FKBP12 without causing alterations 

in the quantity of HA-FKBP12 or FLAG-DCAF1 in control cells (Figure 5A). These data 

support that the targeted protein degradation activity of YT41R and YT47R is proteasome-

and cullin-RING E3 ligase-dependent.

PROTAC-mediated protein degradation requires ternary complex formation between the 

target protein, the heterobifunctional compound, and the E3 ligase, and this process can 

often be competitively disrupted by monovalent ligands targeting individual components 

of the complex. Consistent with this model for YT41R/YT47R action, we found that pre-

treatment of HA-FKBP12 and FLAG-DCAF1 co-transfected HEK293T cells with either 

the FKBP12 ligand SLF (20 μM) or the DCAF1 ligand MY-11B (5 μM) blocked YT41R 

and YT47R-mediated degradation of HA-FKBP12 (Figure 5B). The control enantiomer 

MY-11A, which does not engage DCAF1 (Figure 2D), did not block YT41R/YT47R-

mediated HA-FKBP12 degradation (Figure 5C).

Finally, we investigated whether electrophilic PROTACs induce a stable ternary complex of 

FKBP12 with DCAF1 and promote FKBP12 ubiquitination. These co-immunoprecipitation 
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experiments were performed in HEK293T cells co-transfected with HA-FKBP12 and 

FLAG-DCAF1 and treated with YT47R (or the control enantiomer YT47S) in the 

presence of MG132 (to block FKBP12 degradation) and revealed clear evidence of a 

ternary complex of FKBP12 and DCAF1 with YT47R, but not YT47S (Figure 6A). A 

ternary complex was not observed in cells expressing the DCAF1-C1113A mutant (Figure 

6A), supporting that YT47R induces this complex through site-specifically reacting with 

C1113. We also detected robust polyubiquitination of the immunoprecipitated HA-FKBP12 

in YT47R-treated, DCAF1-WT-expressing cells compared to YT47S- or DMSO-treated, 

DCAF1-WT-expressing cells or YT47R-treated, DCAF1-C1113A-expressing cells (Figure 

6A). Interestingly, we also observed increased FKBP12 ubiquitination in YT47R- versus 

YT47S-treated HEK293T cells that did not express exogenous DCAF1 (Figure 6A). We 

wondered whether this outcome might be mediated by endogenous DCAF1, and, consistent 

with this possibility, we found that endogenous DCAF1 formed a more robust ternary 

complex with HA-FKBP12 in HEK293T cells treated with YT47R compared to YT47S or 

DMSO (Figure 6B). In considering possible reasons why this ternary complex formation 

with endogenous DCAF1 was insufficient to support the degradation of recombinantly 

expressed FKBP12 (Figure 4A), we speculate that our current PROTACs (YT41R, YT47R) 

may require further improvements in cellular properties to enable robust targeted protein 

degradation mediated by physiological concentrations of DCAF1. Possibly supporting this 

hypothesis, MS-ABPP experiments revealed that YT47R (5 μM) only engaged a maximum 

of ~20% of C1113 of recombinantly expressed DCAF1 evaluated at 3 or 24 h post-treatment 

(Figure 6C and Dataset S2). This minor engagement, which is consistent with previous 

studies of other electrophilic PROTACs that also act sub-stoichiometrically (and presumably 

catalytically) to degrade proteins15–16, was both stereo- and site-selective (Figure 6C) and 

suggests more optimized PROTACs that engage a greater fraction of DCAF1_C1113 in cells 

may enable targeted protein degradation by endogenous DCAF1. Alternatively, however, 

we cannot exclude at this time that the YT47R-induced ubiquitination of FKBP12 in 

HEK293T cells that lack ectopic DCAF1 is mediated by an alternative, DCAF1-independent 

mechanism.

DCAF1-directed electrophilic PROTACs degrades BRD4.

Encouraged by the stereoselective and site-specific degradation of FKBP12 by DCAF1-

directed electrophilic PROTACs, we wonder if this strategy could be applied to other 

endogenous proteins. The BET domain protein BRD4 has been frequently used as a 

prototype target for PROTAC design due to the availability of high-quality ligands and 

the important biological roles played by this protein39–47. We synthesized a pair of 

heterobifunctional probes connecting MY-1B or MY-1A to the BRD4 ligand JQ-148 through 

a PEG linker (YT117R and YT117S, respectively) (Figure 7A). Gel-ABPP experiments 

confirmed the concentration-dependent and stereoselective blockade of MY-11B labeling 

of recombinant DCAF1 by YT117R (Figure 7B), albeit with lower potency than YT47R 

(Figure S8). We next found that YT117R (0.05–1 μM, 12 h) promoted the concentration-

dependent degradation of BRD4 (Figure 7C). The induced degradation of BRD4 was 

submaximal compared to positive control compound dBET639, but was nonetheless 

stereoselective (Figure 7D, E), and only observed in DCAF1-WT-expressing HEK293T cells 

(Figure 7C–E), but not mock (Figure S9) or DCAF1-C1113A mutant-expressing (Figure 
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7D) HEK293T cells. Furthermore, YT117R-induced BRD4 degradation was blocked by the 

Neddylation inhibitor MLN4924 and the proteasome inhibitor MG132, consistent with a 

CRL4-mediated process (Figure 7E). These data, combined with the degradation of FBKP12 

mediated by YT41R and YT47R, indicate that DCAF1-directed PROTACs have the potential 

to promote degradation of multiple endogenous proteins in human cells.

Conclusion

Here, we have described the chemical proteomic discovery of a ligandable cysteine 

(C1113) in the E3 ligase substrate receptor protein DCAF1 and the conversion of 

azetidine acrylamides targeting this cysteine into electrophilic PROTACs. These findings 

are significant because, to our knowledge, they describe the first electrophilic PROTACs 

that have been shown to act in a stereo- and site-selective manner. The properties 

of stereoselectivity and site-specificity provide convenient ways to establish controls to 

verify on-target activity for electrophilic PROTACs, as we have shown herein for DCAF1 

and others have demonstrated for reversibly binding PROTACs that engage VHL in a 

stereoselective manner49. We further interpret these features to indicate the presence of 

a high-quality druggable pocket in proximity to DCAF1_C1113. Also supportive of this 

conclusion is the recent report of a noncovalent DCAF1 ligand that binds a pocket 

near C1113 (PDB code: 7SSE, Figure S10). While we have taken advantage of the 

druggability of DCAF1_C1113 to create electrophilic PROTACs, we also imagine that 

more advanced covalent ligands might serve as molecular glues5–7 or antagonists of the 

various physiological and pathological functions of DCAF150–54. Indeed, small-molecule 

antagonists of DCAF1 could counteract the pathogenesis of viruses like HIV-1 and HIV-2 

that co-opt this E3 ligase substrate receptor to suppress immune cell responses30, 54–57. 

More generally, the rich dataset of stereoselective interactions reported herein between 

azetidine acrylamides and cysteines in the human T-cell proteome (Figure 1B and Dataset 

S1) should offer attractive starting points for chemical probe discovery for additional 

proteins from structurally and functionally diverse classes.

As has been described previously15–19, electrophilic PROTACs have the potential to 

maximally leverage the catalytic potential of targeted protein degradation by creating “neo”-

E3 ligases that are permanently modified (until physical turnover) with a substrate-binding 

compound. However, key variables can impact the success of such endeavors, including 

the half-life and substrate compatibility of the E3 ligase11–14, as well as the quality of 

the chemical probes that target it. On the latter point, we view the azetidine acrylamide 

reactive group found herein to stereoselectively engage DCAF1_C1113 as an encouraging 

starting point for probe optimization, especially in comparison to electrophilic PROTACs 

reported to target other E3 ligases, which mostly use high-reactivity groups such as α-

chloroacetamides15–16, 18–19. Nonetheless, we have, so far, only observed targeted protein 

degradation for electrophilic PROTACs in cells expressing recombinant DCAF1, and it will 

be important in future studies to determine if this activity can be extended to endogenous 

DCAF1. That we observed evidence of electrophilic PROTACs promoting a ternary complex 

with endogenous DCAF1 and FBKP12, as well as inducing FKBP12 ubiquitination, is 

encouraging, even though these effects were not apparently robust enough to lead to 

substantial FKBP12 degradation in cells expressing endogenous DCAF1 (possibly due to 
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counteracting cellular deubiquitinases9). Further improvements in electrophilic PROTAC 

performance may require greater levels of cellular engagement of DCAF1, as our first-

generation compounds only appear to modify ≤ 20% of recombinant DCAF1 at functional 

concentrations in cells. A recent study has also described an autoinhibitory oligomerization 

mechanism for DCAF1 that may not be shared by other CRL4 substrate receptors58. If a 

substantial proportion of endogenous DCAF1 is in an autoinhibited tetrameric state, then 

a greater quantity of total DCAF1 may need to be modified by electrophilic PROTACs 

to support targeted protein degradation. On the other hand, we wonder whether this 

autoregulatory feature of DCAF1 might also be exploited to create electrophilic PROTACs 

and/or molecular glues that carry out context-dependent protein degradation only in those 

cell types where DCAF1 is in an activated state.
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Figure 1. Chemical proteomic discovery of a stereo- and site-selective covalent ligand for DCAF1.
(A) Structures of a set of stereochemically defined azetidine acrylamides MY-1A (1), 

MY-1B (2), MY-3A (3), and MY-3B (4). (B) Heat map showing cysteines that were 

substantially engaged by azetidine acrylamides (> 75% by at least one compound) in human 

T cells (20 μM compound, 3 h) as determined by MS-ABPP using an iodoacetamide 

desthiobiotin (IA-DTB) probe following previously described methods21. Red arrow marks 

DCAF1_C1113. (C) MS-ABPP quantification of IA-DTB labeling of DCAF1_C1113 from 

T cells treated with the indicated azetidine acrylamides (20 μM, 3 h) relative to control T 

cells treated with DMSO. (D) MS-ABPP quantification of IA-DTB labeling of the indicated 

cysteines in DCAF1 from T cells treated with MY-1B (20 μM, 3 h) relative to control T 

cells treated with DMSO. For (B-D), data represent average values (for C and D, average 

values ± SEM) from three independent experiments each performed with two technical 

replicates, where cysteines were required to have been quantified in at least two experiments 

for interpretation.
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Figure 2. Azetidine acrylamides stereo- and site-selectively engage recombinant DCAF1_C1113.
(A) Domain map of DCAF1 with the region used for recombinant protein studies marked 

in a bracket (aa 1046–1396) and C1113 highlighted in red. (B) Crystal structure of a 

DCAF1-Vpx complex (pdb: 5AJA). DCAF1 (aa 1046–1396) is shown in cyan, Vpx is 

shown in yellow, and C1113, which is located at the DCAF1-Vpx interface is shown in 

red. (C) Structures of alkyne-modified azetidine acrylamides MY-11A (5) and MY-11B (6). 

(D) Gel-ABPP showing the concentration-dependent reactivity of MY-11A and MY-11B 

(1 h) reactivity with recombinant, purified DCAF1-WT or the DCAF1-C1113A mutant 

(0.06 μg/μL of DCAF1 protein per sample) doped into HEK293T cell proteome (1 

μg/μL). MY-11A/B labeling of proteins was visualized by CuAAC conjugation to an azide-

rhodamine tag followed by SDS-PAGE and in-gel fluorescence scanning. Results are from 

a single experiment representative of two independent experiments. (E) Gel-ABPP showing 

the concentration-dependent effects of MY-1A and MY-1B on MY-11B reactivity with 

DCAF1-WT. Samples were treated with MY-1A/B for 2 h, followed by MY-11B (25 μM, 1 

h) and analyzed as described in (D). Left, quantification of data presented as mean values 

± SEM from two independent experiments. Right, representative gel-ABPP results. (D, E) 

Lower images are Coomassie blue-stained gels corresponding to ABPP gels shown in upper 

images.
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Figure 3. Azetidine acrylamide-based heterobifunctional compounds stereoselectively engage 
DCAF1.
(A) Structures of candidate electrophilic PROTACs YT41R (7), YT41S (8), YT47R (9), 

and YT47S (10). (B) Gel-ABPP showing the concentration-dependent effects of YT41R 

and YT47R on MY-11B reactivity with DCAF1-WT protein (0.06 μg/μL of DCAF1 protein 

per sample) doped into HEK293T cell proteome (1 μg/μL). Also shown are the effects of 

YT41S and YT47S tested at a single concentration (100 μM). Samples were treated with 

heterobifunctional compounds for 2 h, followed by MY-11B (25 μM, 1 h) and analyzed as 

described in Figure 2D. Left, representative gel-ABPP results. Lower image is Coomassie 

blue-stained gel corresponding to ABPP gel shown in upper image. Right, quantification of 

data presented as mean values ± SEM from two independent experiments.
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Figure 4. DCAF1-directed electrophilic PROTACs promote FKBP12 degradation in a stereo- and 
site-selective manner.
(A) Left, western blots showing concentration-dependent effects of YT47R (top) and 

YT41R (bottom) on FKBP12 abundance in HEK293T cells expressing HA-FBKP12 

with or without co-expression of FLAG-DCAF1. Right, quantification of HA-FKBP12 

abundance in the indicated experimental groups. (B) Left, western blots showing effects of 

YT47R versus YT47S (top) and YT41R versus YT41S (bottom) on FKBP12 abundance 

in HEK293T cells co-expressing HA-FBKP12 and FLAG-DCAF1. Right, quantification of 

HA-FKBP12 abundance in the indicated experimental groups. (C) Western blots showing 

effects of YT47R (top) and YT41R (bottom) on FKBP12 abundance in HEK293T cells co-

expressing HA-FBKP12 and either FLAG-DCAF1-WT or FLAG-DCAF1-C1113A mutant. 

Quantification of HA-FKBP12 abundance in the indicated experimental groups is shown 

in the adjacent bar graphs. For (A-C), FKBP12 abundance was determined at 24 h 

post-treatment with compounds, and data are mean values ± SEM for three independent 

experiments. (D) Left, volcano plot showing quantitative MS-based proteomics results 

comparing the protein abundance profiles of HEK293T cells co-expressing HA-FBKP12 

and FLAG-DCAF1 treated with YT47R (0.5 μM) or DMSO for 24 h. FKBP12 is 

highlighted in red. The x-axis and y-axis correspond to the log2 fold change of average 

relative abundance (0.5 μM YT47R/DMSO) and -log10(P value), respectively, from two 

(DMSO treatment) or three (compound treatment) independent experiments. Right, FKBP12 

abundance in the indicated experimental groups quantified by MS-based proteomics. 

Statistical significance was calculated with unpaired two-tailed Student’s t-tests comparing 

YT41R/YT47R- and DMSO-treated cells. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. FKBP12 degradation induced by DCAF1-directed electrophilic PROTACs is dependent 
on the ubiquitin-proteasome system.
(A) Left, western blots showing effects of proteasome (MG132) and Neddylation 

(MLN4924) inhibitors (1 h pre-treatment) on YT47R- and YT41R-dependent degradation 

of FKBP12 in HEK293T cells co-expressing HA-FBKP12 and FLAG-DCAF1. FKBP12 

abundance was determined at 24 h post-treatment with YT47R or YT41R. Right, 

quantification of HA-FKBP12 abundance in the indicated experimental groups. (B) Left, 

western blots showing effects of the FKBP12 ligand SLF (20 μM) or DCAF1 ligand 

MY-11B (1 h pre-treatment with 20 μM SLF or 5 μM MY-11B) on YT47R- and YT41R-

dependent degradation of FKBP12 in HEK293T cells co-expressing HA-FBKP12 and 

FLAG-DCAF1. FKBP12 abundance was determined at 24 h post-treatment with YT47R 

or YT41R. Right, quantification of HA-FKBP12 abundance in the indicated experimental 

groups. (C) Left, western blots showing effects of MY-11A or MY-11B (5 μM, 1 h pre-

treatment) on YT47R- and YT41R-dependent degradation of FKBP12 in HEK293T cells 

co-expressing HA-FBKP12 and FLAG-DCAF1. FKBP12 abundance was determined at 24 

h post-treatment with YT47R or YT41R. Right, quantification of HA-FKBP12 abundance 

in the indicated experimental groups. For (A-C), data are mean values ± SEM for three-five 

independent experiments. Statistical significance was calculated with unpaired two-tailed 

Student’s t-tests comparing YT41R/YT47R- and DMSO-treated cells. ****P < 0.0001.
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Figure 6. Evidence for ternary complex formation and ubiquitination of HA-FKBP12 by 
DCAF1-directed electrophilic PROTACs.
(A) Left, western blots showing effects of YT47R and YT47S on the immunoprecipitation 

(IP) of FLAG-DCAF1-WT or FLAG-DCAF1-C1113A with HA-FKBP12 in HEK293T cells 

co-expressing these proteins. Cells were treated with YT47R or YT47S (5 μM) for 2 h in 

the presence of MG132 (10 μM) prior to lysis and IP with an anti-HA antibody and western 

blotting for the indicated proteins (DCAF1, FKBP12, and ubiquitinated protein). Right, 

bar graphs quantifying DCAF1 (top) and ubiquitination (Ub) (bottom) in the indicated 

IP groups. (B) Left, western blots showing effects of YT47R and YT47S on the IP of 

endogenous DCAF1 with HA-FKBP12 in HEK293T cells expressing HA-FKBP12. Cells 

were treated with YT47R or YT47S (5 μM) for 2 h in the presence of MG132 (10 μM) 

prior to lysis and IP with an anti-HA antibody and western blotting for the indicated proteins 

(DCAF1, FKBP12). Right, bar graph quantifying DCAF1 in the indicated IP groups. For (A, 

B), data are mean values ± SEM for three independent experiments. Statistical significance 

was calculated with unpaired two-tailed Student’s t-tests comparing YT41R/YT47R- and 

DMSO-treated cells. **P < 0.01, ****P < 0.0001. (C) MS-ABPP quantification of IA-

DTB labeling of the indicated cysteines in DCAF1 from FLAG-DCAF1-WT-expressing 

HEK293T cells treated with the indicated concentrations of YT47R for 3 h (left, middle) 

or 24 h (right) relative to cells treated with DMSO. Data represent average values ± SEM 

from four independent experiments. Statistical significance was calculated with unpaired 

two-tailed Student’s t-tests comparing compound to DMSO treated cells. *P < 0.1.
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Figure 7. DCAF1-directed electrophilic PROTAC promotes degradation of endogenous BRD4.
(A) Left, structures of BRD4-targeting PROTAC YT117R (11) and its stereoisomeric 

control probe YT117S (12). (B) Gel-ABPP showing the concentration-dependent effects 

of YT117R and YT117S on MY-11B reactivity with DCAF1-WT. Samples were treated 

with YT117R/S for 2 h, followed by MY-11B (20 μM, 1 h) and analyzed as described 

in Figure 2D. Left, representative gel-ABPP results. Lower images are Coomassie blue-

stained gels corresponding to ABPP gels shown in upper images. Right, quantification 

of data presented as mean values ± SEM from two independent experiments. (C) Top, 

western blots showing concentration-dependent effects of YT117R on BRD4 abundance 

in HEK293T cells expressing FLAG-DCAF1. Bottom, quantification of BRD4 abundance 

in the indicated experimental groups. (D) Top, western blots showing effects of YT117R 

on BRD4 abundance in FLAG-DCAF1-WT- or mock-transfected HEK293T cells. Bottom, 

quantification of BRD4 abundance in the indicated experimental groups. (E) Top, western 

blots showing effects of YT117R (0.5 μM) or dBET6 (0.1 μM) alone or following co-

treatment with the indicated concentrations of MG132, MLN4924, or JQ-1 on BRD4 

abundance in HEK293T cells expressing FLAG-DCAF1-WT. Bottom, quantification of 

BRD4 abundance in the indicated experimental groups (lower). Data are mean values 

± SEM for three independent experiments (C and D) and four independent experiments 

for (E). Statistical significance was calculated with unpaired two-tailed Student’s t-tests 

comparing YT117R/S- and DMSO-treated cells. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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