
 

 

 

Rationalizing PROTAC-mediated ternary complex formation 

using Rosetta 

 

 

 

Nan Bai1,2, Palani Kirubakaran1, and John Karanicolas1* 

 

 

 

1 Program in Molecular Therapeutics, Fox Chase Cancer Center, Philadelphia, PA 19111 

2 Department of Molecular Biosciences, University of Kansas, Lawrence, KS 66045 

 

 

* To whom correspondence should be addressed. E-mail: john.karanicolas@fccc.edu, 215-728-7067 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.27.119347doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.27.119347
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Abstract 

PROTACs are molecules that combine a target-binding warhead with an E3 ligase-recruiting 

moiety; by drawing the target protein into a ternary complex with the E3 ligase, PROTACs induce target 

protein degradation. While PROTACs hold exciting potential as chemical probes and as therapeutic 

agents, development of a PROTAC typically requires synthesis of numerous analogs to thoroughly 

explore variations on the chemical linker; without extensive trial and error, it is unclear how to link the 

two protein-recruiting moieties to promote formation of a productive ternary complex. Here, we describe 

a structure-based computational method for evaluating suitability of a given linker for ternary complex 

formation. Our method uses Rosetta to dock the protein components, then builds the PROTAC from its 

component fragments into each binding mode; complete models of the ternary complex are then refined. 

We apply this approach to retrospectively evaluate multiple PROTACs from the literature, spanning 

diverse target proteins. We find that modeling ternary complex formation is sufficient to explain both 

activity and selectivity reported for these PROTACs, implying that other cellular factors are not key 

determinants of activity in these cases. We further find that interpreting PROTAC activity is best 

approached using an ensemble of structures of the ternary complex rather than a single static 

conformation, and that members of a structurally-conserved protein family can be recruited by the same 

PROTAC through vastly different binding modes. To encourage adoption of these methods and promote 

further analyses, we disseminate both the computational methods and the models of ternary complexes. 
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Significance Statement 

Recent years have brought a flood of interest in developing compounds that selectively degrade 

protein targets in cells, as exemplified by PROTACs. Fully realizing the promise of PROTACs to 

transform chemical biology by delivering degraders of diverse and undruggable protein targets has been 

impeded, however, by the fact that designing a suitable chemical linker between the functional moieties 

requires extensive trial and error. Here, we describe a structure-based computational method to predict 

PROTAC activity. We envision that this approach will allow design and optimization of PROTACs for 

efficient target degradation, selection of E3 ligases best suited for pairing with a given target protein, and 

understanding the basis by which PROTACs can exhibit different target selectivity than their component 

warheads. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.27.119347doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.27.119347
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

Introduction 

PROteolysis TArgeting Chimaeras (PROTACs) are heterobifunctional small molecules 

containing two functional moieties: a targeting ligand (warhead) for the protein of interest, and a ligand 

that recruits an E3 ubiquitin ligase. If these two groups are connected via a carefully-chosen chemical 

linker, the resulting compound can induce formation of a ternary complex that includes the target protein, 

the PROTAC, and the E3 ligase. The resulting proximity between target protein and E3 ligase can then 

lead to ubiquitination of the target protein, and ultimately its degradation [1]. 

In essence, PROTACs represent a chemical biology approach for extending the natural activity of 

RING-type E3 ligases. This most-populous subclass of E3 ligases act as adaptors, by simultaneously 

binding to their target protein and a ubiquitin-charged E2 ligase: this enables the E2 ligase to transfer 

ubiquitin directly to the substrate protein [2]. The E2 ligase appears not to encode its own substrate 

selectivity, but rather relies completely on the E3 ligase to recruit appropriate substrate proteins; it has 

long been known that this makes it susceptible to hijacking by viral proteins that redirect E2 ligases for 

degrading host proteins involved in defense against pathogens [3]. Small molecules can also redirect E3 

ligase activity in this manner: the most notable of these is thalidomide, which (inadvertently and 

tragically) binds to the E3 ligase cereblon (CRBN) and redirects it to degrade certain key neosubstrates 

[4-7]. 

The perspective that PROTACs act by “retrofitting” an E3 ligase with new substrate selectivity 

makes immediately clear the many strengths of this approach relative to classical competitive inhibitors. 

Principal among these advantages are the fact that PROTACs need not engage the target protein’s active 

site (thus expanding the realm of the druggable proteome) [8], and the fact that PROTACs can exhibit 

catalytic turnover (thus allowing degradation of the target protein at a substoichiometric ratio of 

PROTAC) [9]. 
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Over the past decade, PROTACs have been developed to address an ever-expanding collection of 

target proteins. Owing to the availability of well-validated chemical matter to repurpose as PROTAC 

warheads, the majority of early reports focused on degraders of hormone receptors [10-13], BET-family 

proteins [14-16] and kinases [17-33]. More recently, the applicability of PROTACs has been broadened to 

include multi-functional proteins (e.g., TRIM24 [34], SMARCA2 [35] tau [36,37]), and HaloTag7-fused 

proteins for chemical genetics [38]. In parallel, the space of E3 ligases used has also expanded: whereas 

early studies focused exclusively on CRBN and Von Hippel-Lindau protein (VHL), more recent work has 

used E3 ligases MDM2 [39], IAP [40], RNF4 [41], βTRCP [42], parkin [42], and DCAF16 [43]. 

Collectively, there appear to be an apparently endless set of intriguing biological targets and a large set of 

E3 ligases that might be used to selectively degrade them. 

A key challenge in this rapidly-growing field, however, remains unresolved: how to design 

effective PROTACs in a rational manner. A important early paper in this field advocated for rapidly 

varying both the target-engaging warhead and the E3-recruiting moiety in search of a useful starting point 

[17], and this strategy is still used today. This approach can only hope to capture only a fraction of the 

candidate PROTACs one might envision for degrading a given target, however, because the linker used to 

join these groups also plays a critical role in efficacy. Since the earliest days of PROTAC design, the 

dominant strategy has simply been to synthesize and test many tens – or hundreds – of variants in which 

the length and chemical composition of the linker are systematically varied [44,45]. Indeed, given 

sufficient perseverance with respect to conjugation patterns and linker length/composition, even 

target/ligase pairings that initially seemed unsuitable have been optimized into potent and selective 

degraders [46]. 

Here, we sought to develop a structure-based modeling approach for predicting the efficacy of a 

given PROTAC; if successful, we envisioned that this approach could be used for optimization of activity 

without needing to explicitly synthesize and test numerous analogs. Our study seeks to do so by modeling 

the PROTAC’s ability to induce formation of the target protein/PROTAC/E3 ligase ternary complex. It 

has been shown that a PROTAC’s ability to bind the target protein is not the primary determinant of 
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whether efficient degradation occurs; rather, it has been suggested that formation of the ternary complex 

is limiting (i.e., the ability of the PROTAC to simultaneously bind both the target protein and the E3 

ligase) [20,22]. It has further been shown that PROTAC selectivity does not necessarily mimic that of its 

target-binding warhead, but rather depends sensitively on the linker [20,23,24,33]: accordingly, we 

therefore additionally explore whether the same structure-based modeling can be used to rationalize how 

and why PROTAC selectivity differs from that of the warhead. 

To encourage adoption of these computational methods and to facilitate additional analyses of the 

results presented below, both the computational methods and the models of the ternary complexes 

described herein are disseminated with this work (see Methods). 

Computational Approach 

A PROTAC can be naturally decomposed into its three component parts: the warhead that binds 

the target protein, the E3 ligase ligand, and the linker. PROTACs are most often built upon well-

characterized warheads, and thus the structure of the warhead in complex with its target protein is 

typically known a priori. Crystal structures of many widely-used E3-recruiting ligands have also been 

solved in complex with their cognate E3 ligases [47,48]. The interactions of each component within its 

respective binding site is unlikely to change in the context of the PROTAC ternary complex; from a 

structural standpoint then, the key challenge entails determining the placement of the two proteins relative 

to one another. 

This challenge can be viewed from two perspectives. From the vantage point of the PROTAC, if 

the linker conformation is known ahead of time (or is sampled thoroughly enough), the ternary complex 

can be built by alignment of each protein back onto the moiety responsible for recruiting it [30]. From the 

vantage point of the protein pair, conversely, the ternary complex can be constructed by building a linker 

conformation to connect the two protein-recruiting moieties. Both strategies were compared in a recent 
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study [49]; due to sampling considerations, this work (as well as our own early experimentation) found 

superior performance building linkers into pre-placed protein pairs (i.e., the latter approach). 

The observation that many effective PROTACs exhibit cooperativity in assembling the 

components of the ternary complex [35,50,51] implies the presence of adventitious favorable interactions 

between the target protein and the E3 ligase in the ternary complex. Our overarching strategy was 

therefore to use protein-protein docking to build up a collection of candidate binding modes with some 

degree of complementarity, and then use structural and energetic refinement to filter for those consistent 

with the specific linker present in the PROTAC. Protein-protein docking has previously been used in a 

similar manner to compile likely poses for PROTAC ternary complexes [52], albeit without explicitly 

building the bridging linker into these models. 

Below we summarize our computational pipeline for building models of PROTAC ternary 

complexes. All code is implemented in the Rosetta software suite [53]; complete details, including 

command lines for running these calculations, are included in the Methods section. 

Step 1: Building diverse binding modes 

Initial candidate binding modes are generated via protein-protein docking in Rosetta, using as a 

starting point the structures of each protein (the protein targeted for degradation and the E3 ligase) bound 

to their cognate ligands (the warhead and the E3-recruiting moiety, respectively). Because formation of 

the ternary complex requires an orientation in which the two proteins position their respective ligands 

close to one another, this in turn restricts the space of suitable docked models. Accordingly, we elected to 

re-purpose a docking protocol originally developed for antibody-antigen modeling, that was built for 

scenarios in which the approximate surface patches involved in binding are known (i.e., an interaction 

between a known epitope on the antigen and the antibody’s CDR loops) [54]. 

Drawing from standard practice for this docking pipeline, we begin by manually placing the two 

proteins near one another, with the ligands facing each other. Docking is carried out by moving one 

protein with respect to the other, while keeping fixed all internal degrees of freedom for both proteins. 
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Each protein’s bound ligand is included in the simulation and moves with the protein, such that the 

protein-ligand interactions are not disturbed. A total of 50,000 bound poses are generated from 

independent docking trajectories: based on the move set used in docking (see Methods), the resulting 

collection of models includes very diverse binding modes that thoroughly capture potential arrangements 

of the two proteins (Figure 1a). The resulting models are then ranked on the basis of the protein-protein 

interaction energy (including contributions from the bound ligands); the top 10% of these are advanced 

for further refinement. 

Step 2: Generating candidate linker conformations 

Independently from this docking step, we assemble a collection of low-energy linker geometries. 

Capturing the breadth of viable linker conformations is much akin to modeling the flexibility of drug-like 

molecules when docking them to proteins. Accordingly, we use the OMEGA software [55,56] to compile 

a set of “conformers” (conformational isomers) corresponding to the PROTAC linker. The modeled linker 

also contains on either end a chemical “stub” corresponding to several atoms of the functional group to 

which it is attached in the PROTAC (i.e., part of the warhead or the E3-recruiting moiety) (Figure 1b). 

OMEGA uses a rule-based search strategy to build starting structures, coupled with molecular 

mechanics minimization; a collection of conformers is built up by requiring that each new conformer is 

not the same as one that has previously been generated. Our goal at this stage is to thoroughly sample the 

linker region’s internal degrees of freedom. We therefore continue generating new OMEGA conformers 

either until we accumulate 1000 non-redundant structures, or until sampling converges with fewer than 

1000 structures. 
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Step 3: Building initial models of the ternary complex 

Having compiled a collection of candidate binding modes in Step 1, we next filter these on the 

basis of whether their bound ligands (the warhead and the E3-recruiting moiety) can be bridged by one of 

the low-energy linker conformations from Step 2. In essence, this requirement captures the crux of 

designing a PROTAC: selecting a linker compatible with a reasonable arrangement of the two proteins, in 

order to induce formation of a ternary complex. The collection of docked structures from Step 1 was built 

without any specific PROTAC in mind; it is therefore only now at this filtering step that the space of 

allowed binding modes is restricted based on the linker present in a particular PROTAC. 

To filter the collection of docked structures, we make use of the chemical “stubs” present in the 

conformers built in Step 2. These particular atoms are present both in the docked protein structures, and 

also in the linker conformers. To gauge whether a specific linker conformation would suitably span the 

ligands in a given binding mode, we structurally align these shared atoms and evaluate the RMSD (root 

mean square deviation) between their positions (Figure 1c). Through preliminary exploration we found 

that RMSD values less than 0.4 Å yielded binding modes suitable for further refinement, and thus we 

adopted this as a cutoff to determine which models to pass along for further refinement. As will be 

Figure 1: Overview of the computational approach. (A) The target protein and the E3 ligase are first 
docked using Rosetta. Both the target protein and the E3 ligase harbor a bound ligand at this stage (the 
PROTAC’s warhead and its E3-recruiting group, respectively); this is used to restrict docking to 
binding modes in which the ligands are close to one another. The resulting collection of docked models 
does not include any information about any particular linker, and can therefore be re-used to explore 
and compare multiple linkers. (B) Candidate linker conformations are generated using OMEGA. 
Conformers include “stubs” either end that correspond to the attachment points on the two protein-
recruiting moieties. (C) For each docked model, the set of linker conformations is screened to find 
those that place the “stubs” back onto their corresponding atoms in the docked model; this allows rapid 
identification of low-energy linker geometries compatible with the docked binding mode. (D) When a 
match is found, the complete PROTAC molecule can be trivially re-built from the component parts. 
(E) Because the protein-recruiting moieties of the PROTAC have not moved in building the complete 
PROTAC, the PROTAC’s position relative to the protein components is also known: this allows for 
trivial assembly of a complete ternary complex model, which is then subjected to energy minimization 
in Rosetta. (F) After filtering, the Fraction of Fully-compatible Complexes (FFC) is calculated. This 
measures how well a given PROTAC linker is geometrically and energetically compatible with the 
preferred interaction modes of the protein pair. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.27.119347doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.27.119347
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

demonstrated below in the Results section, the requirement that the component parts of the PROTAC can 

be connected by the linker represents a very stringent filter that eliminates the vast majority of docked 

models. 

For each combination of docked binding mode / linker conformer that yields low-RMSD overlap 

of the shared stub atoms, we proceed to build a complete model of the ternary complex. To do so, we 

simply merge the aligned linker conformer with the coordinates of the bound ligands: this step provides 

coordinates for the complete PROTAC molecule (Figure 1d). The resulting model of the ternary complex 

is then subjected to energy minimization using the Rosetta energy function [57], which eliminates slight 

distortions in bond geometries as well as potential steric clashes between the linker and the protein 

components (Figure 1e). 

Step 4: Analyzing ternary complex models 

For each of the refined models of the ternary complex from Step 3, we then evaluate the 

interaction energy amongst all components of the system: this entails summing the interaction energies of 

the PROTAC with each of the two proteins, and the interaction energy of the proteins with each other. To 

normalize these energies in a meaningful way, we first determine the median interaction energies for the 

original complete set of original docked models for this protein pair (i.e., in the absence of a PROTAC 

linker), and set this as a cutoff value. We then filter the fully-refined models of the ternary complex, 

keeping only with an interaction energy better than this cutoff value. 

In essence, passing this filter indicates either that a given model of the ternary complex utilizes a 

better-than-average binding mode available to this pair of proteins, or else that the linker itself contributes 

favorably to the interaction. Conversely, this filtering step is designed to remove any models in which the 

protein-protein interaction is suboptimal, the PROTAC linker clashes with one of the other components in 

the system, or one of the protein-recruiting moieties of the PROTAC has been disturbed from its initial 

positioning in the cognate protein’s binding site. 
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After this final filtering step, we report the Fraction of Fully-compatible Complexes (FFC): 

essentially, the fraction of the initial docked models that emerge after this extensive geometric and 

energetic filtering, relative to the original (linker-independent) set of docked models (Figure 1f). 

Ultimately, FFC is designed to provide a measure of how well the restrictions from the PROTAC align 

with the inherent preferences found in the original ensemble of docked models. 

Results 

While there have been several published crystal structures of ternary complexes [35,50,52], there 

are not yet enough to allow for a thorough and rigorous evaluation of our method. Further, it remains 

unclear whether a single static snapshot is sufficient to understand the structural basis for PROTAC 

activity. For these reasons, we instead sought to evaluate the utility of our computational approach by 

comparing to the extent of target protein degradation induced in cells treated with the PROTAC. This is 

by far the most common form of data available in literature describing PROTAC development, allowing 

for multiple interesting points of comparison. 

That said, our computational approach models only the ternary complex, and neglects other 

factors that may influence observed cellular activity; these factors are numerous, and surely include the 

PROTAC’s cell penetrance, efflux, kinetics of ternary complex formation, ubiquitination efficiency once 

the ternary complex is formed, and rate of proteasomal degradation of the ubiquitinated target protein 

[58]. While techniques have been developed to individually probe each of these steps, as well as methods 

for probing ternary complex formation in live cells [59], results have not been reported in a sufficient 

number of cases to allow careful benchmarking. Instead, here we seek to test the hypothesis that ternary 

complex formation alone – which we explicitly model – can serve as a suitable proxy for predicting 

cellular activity (degradation of the target protein). 
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To validate this approach, we compiled data from literature describing optimization and 

characterization of PROTACs addressing diverse target proteins using multiple E3 ligases. Due to the 

availability of complete data across chemical series, we elected to focus on CRBN-recruiting degraders of 

Brd4BD1 [52,60] and CRBN/VHL-recruiting degraders of c-Met/EphA2/STK10/p38α/p38δ [20]. As 

described in detail below, the first of these case studies demonstrates that our computational method can 

rationalize the activity of related PROTACs in response to different linker lengths; the second case study 

shows that these models not only recapitulate the selectivity of a given PROTAC with different (kinase) 

targets, but that they also recapitulate efficacy of PROTACs built to recruit different E3 ligases. 

Dependence of PROTAC activity on linker length 

PROTAC design to date has inevitably required synthesis and testing of numerous analogs with 

slightly-varied linkers, to optimize degradation of the target protein; as a starting point for evaluating our 

method, therefore we asked whether computational design could have facilitated this laborious process. In 

other words, given a set of linkers, we sought to determine whether our computational approach would 

correctly prioritize which of these yields the best activity in the context of a particular warhead and E3-

recruiting moiety. 

As a starting point, we examined two independent series of PROTACs that target the BET-family 

member Brd4BD1 for CRBN-driven degradation [52,60]. Both series use derivatives of the Brd4 inhibitor 

JQ1 [61] as a warhead and both studies report cellular characterization of a series of analogs in which the 

linker length is systematically lengthened. Despite their shared warhead and E3-recruiting moiety, 

however, the two groups attach the linker to the warhead in a different way. 

To study these systems, we began by generating a single ensemble of 5000 docked models 

starting from the JQ1-bound crystal structure of Brd4 and the lenalidomide-bound crystal structure of 

CRBN (see Methods). This ensemble corresponds to the lowest-energy 10% of the raw docking output, 

and is intended to capture the diversity of potential ways in which these two proteins might form 
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adventitious interactions with one another; accordingly, there is no information on the linker length or 

attachment point of any specific PROTAC at this stage. 

From here, we then built conformers that captured the linkers and attachment points for each of 

the five PROTACs comprising the “ZXH” series [52] (Table 1). As noted earlier, this process entails 

filtering the set of 5000 docked models on basis of their geometric and energetic compatibility with a 

given linker. We sought to use the number of models that emerge from this extensive filtering as a 

measure of how efficiently the PROTAC induces ternary complex formation, ultimately with the goal of 

defining how well this translates to cellular degradation of the target protein. 

 

 

Remarkably, for the five PROTACs comprising the “ZXH” series, the numbers of poses arising 

from filtering (which we report as FFC, the Fraction of Fully-compatible Complexes) match very closely 

the trend in experimentally-observed cellular degradation of the target protein (Table 1). We observe that 

linkers with higher FFC values (i.e., the linker is compatible with more of the conformational ensemble 

from docking) correspond exactly to those with enhanced cellular degradation of Brd4BD1, presumably 

Table 1: Evaluation of the “ZXH” PROTAC series. This series uses JQ1 and pomalidomide to 
recruit Brd4BD1 for degradation by CRBN. Cellular degradation data are from Nowak et al, 2018. 
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because these PROTACs more effectively induce ternary complex formation in cells. We note that more 

conformers were generated for the longer linkers, and yet this would not explain the observed trend 

because FFC is normalized to the number of conformers included in each calculation. 

As noted earlier, a separate set of Brd4-degrading PROTACs have been built by attaching 

pomalidomide to slightly different JQ1 derivative, and using a different attachment strategy [60]. 

Unfortunately, these compounds were not tested in the same cell lines as the “ZXH” series, which 

precludes a direct comparison of activities between the PROTACs from these two different studies. That 

said, the latter study reports a series of very potent degraders [60], and indeed these yield high FFC values 

when explored through our computational approach (Table S1). 

 

 

By randomly splitting the original collection of docked models into five subsets, we next 

evaluated the variance arising from sampling in each of the predicted FFC values for the “ZXH” series of 

PROTACs: this analysis confirms the statistical significance of the differences between calculated FFC 

values (see Methods) (Figure 2a). 

Table S1: Evaluation of the “28-31” PROTAC series. This series uses JQ1 and pomalidomide to 
recruit Brd4BD1 for degradation by CRBN. Cellular degradation data are from Qin et al, 2018. 
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Figure 2: Evaluation of PROTACs that induce CRBN-mediated degradation of Brd4BD1. 
(A) Each PROTAC in this chemical series uses the same warhead and E3-recruiting moiety, allowing a 
single ensemble of docked models to be used for this collection. Filtering these on geometric and 
energetic criteria yielded values for FFC (the Fraction of Fully-compatible Complexes) that varied 
greatly from one linker to another. As shown in Table 1, FFC closely matched the trend of relative 
activity across this chemical series. Error bars correspond to SEM, * indicates p<0.05. (B) For each of 
these PROTACs, the models contributing to FFC do not correspond to a single binding mode. Rather, 
each PROTAC allows for multiple diverse binding modes that are fully-compatible with the ternary 
complex. A subset of these models is shown for the PROTAC dBET70. (C) A representative ternary 
complex model from one of the other PROTACs in this series, ZXH-3-26, is shown to illustrate the 
favorable adventitious interactions found between the component proteins in a representative one of 
these models. (D) The crystal structure of dBET70 was previously solved in complex with BRD4 and 
CRBN (PDB 6bn9). The collection of ternary complex models generated for dBET70 includes the 
binding mode observed in this crystal structure. The crystallographic resolution did not allow dBET70 
to be unambiguously placed, and therefore the PROTAC is shown only for the modeled structure. 
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Importantly, we find that the collection of models which pass these stringent filters (i.e., those 

that contribute to FFC) do not represent a single binding mode. Rather, we find that for these PROTACs 

there are a remarkably diverse set of conformational arrangements allowing for models of the ternary 

complex that are fully consistent with all geometric and energetic requirements (Figure 2b). This 

observation is consistent with the surprising “plasticity” originally ascribed to the complexes in this series 

[52]. It is further consistent with the fact that many single-point mutations to either Brd4 or to CRBN 

(outside of their respective ligand-binding sites) lead to modest changes that enhance or reduce ternary 

complex formation, without finding mutations that abrogate the interaction completely [52]. A 

representative model for one such ternary complex model (using the PROTAC ZXH-3-26) shows an 

example of the adventitious protein-protein interactions observed in these models (Figure 2c). Despite the 

fact that these proteins are presumably not at all evolved to recognize one another, we find that they can 

exhibit surprising shape complementary along with a number of stabilizing intermolecular hydrogen 

bonds. The linker itself can also contribute favorably to ternary complex formation in some cases, by 

making additional interactions with one or both proteins. 

The crystal structure for the dBET70 ternary complex has been solved [52], and gratifyingly our 

collection of models contributing to FFC does include this particular binding mode (Figure 2d). 

Intriguingly, however, the authors surmised even at the time (on the basis of mutational signatures) that 

this arrangement may not be dominant one in solution, but rather an arrangement that happens to be 

stabilized by crystal packing. This viewpoint is wholly consistent with our observation that multiple 

binding modes are likely to contribute to the ternary complexes formed by these PROTACs. Moreover, 

this example highlights the need to evaluate predicted PROTAC-inducted ternary complex formation 

against solution (or cellular) observables, rather than use recapitulation of static crystal structures of 

ternary complexes as a gold standard. 

Overall, the results from this exploration of Brd4 degraders lay the groundwork for this 

computational framework, and demonstrate how modeling of ternary structure complexes could be used 

to facilitate rational design and optimization of efficacious degraders. 
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Dependence of PROTAC activity and selectivity on the choice of E3 ligase 

Encouraged by these results, we next applied this computational approach to explore a pair of 

PROTACs build using the non-selective kinase inhibitor foretinib [62] as a warhead. Using a competitive 

binding assay, foretinib itself was first shown to inhibit at least a quarter of the human kinome [20]. 

Addition of a linker with a moiety to recruit either VHL or CRBN reduced foretinib’s inhibition for 

several of these kinases, but overall both PROTACs retained broad non-selective inhibition. Remarkably, 

however, cellular treatment revealed that certain kinases were degraded much more efficiently by the 

VHL-recruiting PROTAC, while others were degraded more efficiently by the CRBN-recruiting 

PROTAC [20]. Moreover, the extent to which different kinases were degraded was not simply a reflection 

related to how tightly the PROTAC bound the kinase, since inhibition constants were not correlated with 

cellular degradation [20]. Given the shared warhead, we hypothesized that these preferences arose due to 

differences in the ternary complex formation (e.g., in the interactions between the E3 ligase and the 

kinase); if so, the selectivity of these PROTACs may emerge in our computational modeling approach. 

Crystal structures of foretinib in complex with three different kinases have been solved to date 

(c-Met, EphA2, and STK10) [62,63], and we used all three of these as starting points for our studies of 

these foretinib-derived PROTACs. Because of interesting differences in PROTAC selectivity between 

p38α and p38δ, we additionally relied on the close structural conservation amongst inhibitor-bound 

kinases to build comparative models of foretinib bound to each of these two kinases. Using as a starting 

point these five foretinib-bound kinase structures (Figure 3a), along with the crystal structures of VHL 

and CRBN bound to their respective recruiting moieties, we then carried out the computational approach 

described earlier and calculated the Fraction of Fully-compatible Complexes (FFC) for each PROTAC 

with each kinase (Table 2). 
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Table 2: Evaluation of foretinib-derived kinase degraders. These two PROTACs couple non-
selective kinase inhibitor foretinib with a moiety to recruit either VHL (PROTAC1) or CRBN 
(PROTAC2). Cellular degradation data are from Bondeson et al, 2018. 
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Results from this computational experiment are plotted alongside the corresponding proteomic 

analysis of cellular degradation reported in the earlier study (Figure 3bc). For VHL-recruiting 

PROTAC1, we observe considerably higher FFC values for c-Met and p38α than for the other three 

kinases; this is consistent with the extents to which this PROTAC induces their degradation in cells 

(Figure 3b). By contrast, CRBN-recruiting PROTAC2 yields high FFC for c-Met and EphA2: this too is 

consistent with the cellular effects of treatment with this PROTAC (Figure 3c). Collectively then, these 

results suggest that small differences in the kinase surface alter the extent to which they can be 

adventitiously recognized by the E3 ligase: by virtue of their different structures, naturally these two E3 

ligases exhibit different preferences for the kinases they recognize, which in turn highlights the 

importance of serendipitously capturing productive protein-protein contacts in PROTAC ternary 

complexes. As might be expected for such a molecular recognition event, details matter: this is 

underscored by the fact that strong degradation preferences arise despite the shared global fold of all three 

kinase domains, as well as the strong similarity between p38α and p38δ. 

Given that each of these kinase domains shares a common fold, we anticipated that certain shared 

features may be present amongst those which were efficiently degraded by a given PROTAC. To our 

surprise, however, this was emphatically not the case. For PROTAC1, which gave high FFC values for 

c-Met and p38α, multiple binding modes were observed for both kinases, but the most frequently-

observed orientations in the ternary complex were notably kinase-dependent (Figure 3d). This 

Figure 3: Evaluation of kinase degraders built upon foretinib. (A) Calculations were initiated from 
crystal structures of foretinib in complex with c-Met/EphA2/STK10 or comparative models of foretinib-
bound p38α/p38δ. (B) For the VHL-recruiting PROTAC1, filtering the resulting models on geometric 
and energetic criteria yielded values for FFC (the Fraction of Fully-compatible Complexes) that vary 
amongst these five kinases. The overall selectivity profile is in close agreement with the previously-
reported proteomic analysis of kinase cellular degradation induced by this PROTAC. Error bars 
correspond to SEM, * indicates p<0.05. (C) On the basis of FFC, CRBN-recruiting PROTAC2 exhibits 
a different selectivity profile than PROTAC1. The preferences of PROTAC2 observed in this 
computational approach also match those observed in the cellular study. (D) Upon docking each of 
these five kinases to VHL (wheat), PROTAC1 yields high FFC values for c-Met (bright green) and 
p38α (dark green). While the ensembles for both kinases yield multiple fully-consistent binding modes, 
the preferred binding modes for the two kinases are different from one another. (E) Upon docking each 
of these five kinases to CRBN (blue), PROTAC2 yields high FFC values for c-Met (bright green) and 
EphA2 (turquoise). Here too, we observe differences in the preferred binding modes for these kinases. 
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observation also held true for PROTAC2, in which both c-Met and EphA2 yielded comparably high FFC 

values but achieved these values using different binding modes (Figure 3e). 

In the context of exploring the structural basis for PROTAC1’s preference for p38α over p38δ, a 

model of the ternary complexes was previously built through a combination of docking and molecular 

dynamics [20]. This model highlighted the importance of p38α’s Ala40 in the ternary complex, inspiring 

further experiments that showed mutation of this residue (to arginine) disrupted the ternary complex. 

Intriguingly, our models also position this residue to make key interactions in the ternary complex, but are 

otherwise completely different from the previously-proposed models. In particular, the earlier model 

positions Ala40 near VHL’s Arg69, which is on the remote side of the complex in our models 

(Figure S1). Beyond the fact that we observe ensembles of models that are fully consistent with the 

geometric and energetic requirements of ternary complex formation (rather than a single static model for 

each), this observation also underscores the fact that sparse information from mutagenesis experiments 

are typically insufficient to unambiguously point to a specific binding mode in the ternary complex. 

 

In summary, then, we find that although the warhead engages the structurally-conserved ATP-

binding site in the same manner, and the kinase fold is conserved, our models of the ternary complex are 

notably different from one another. Rather, the protein-protein interactions in the ternary complex arise 

Figure S1: Model of the p38α/PROTAC1/VHL ternary complex. The lowest-energy model from the 
ensemble of the p38α/PROTAC1/VHL ternary complexes is shown. p38α is shown in green, 
PROTAC1 is pink, and VHL is wheat. Ala40 on p38α is shown in yellow spheres; mutation of this 
position to lysine was previously shown to disrupt this ternary complex. In contrast to a previously 
proposed model, our lowest-energy model positions Ala40 on opposite side of the interface as VHL’s 
Arg69 (spheres). 
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from the less-conserved regions on the kinase surface, which differ even among evolutionarily-related 

kinases such as p38α and p38δ. This in turn leads to PROTAC selectivity that can differ from that of the 

warhead in surprising and unexpected ways. This emergent selectivity will naturally depend as well on 

the E3 ligase that is to be recruited, as different E3 ligases will inevitably engage these non-biological 

binding partners in different ways. 

Discussion 

To enable the results presented in this study, we first develop and describe a computational 

approach for evaluating the geometric and energetic “fit” of a given linker with respect to a pre-built 

ensemble of docked binding modes for the target protein and the E3 ligase. This approach allows us to 

rapidly filter the ensemble for candidate binding modes that are compatible with the constraints of the 

linker, and to build models of the target protein / PROTAC / E3 ligase ternary complex. The 

computational tools as well as the models of the ternary complexes are both disseminated as part of this 

study, in order to facilitate adoption of these methods and further analyses of the results presented here 

(see Methods). 

Given our strategy for building these models of the ternary complex, a natural means for 

evaluating the linker’s “fit” was to calculate the fraction of the original docked ensemble compatible with 

the linker (which we dub FFC). As a result, our method does not produce a single model of the ternary 

complex, but rather a set of favorable models that are all consistent with the linker and which all include 

favorable interactions. Initially, our adoption of this strategy was in response to previous suggestions that 

crystal structure of PROTAC ternary complexes could be very susceptible to artifacts from crystal 

packing [52]. Very quickly, however, we recognized that our modeling yielded many models with 

different binding modes yet comparable energetics, suggesting that adoption of multiple binding modes 

may reflect a common underlying physical reality for PROTAC ternary complexes. Accordingly, 
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conclusions drawn from a single static model (such a crystal structure) may be misleading; we therefore 

eagerly await insights from cryo-electron microscopy, which is exceptionally well-positioned to yield 

definitive answers regarding the range of motion in PROTAC ternary complexes. 

At the outset, we envisioned that FFC would serve as a good measure of ternary complex 

formation from a biochemical standpoint: in other words, it might well recapitulate the degree to which 

the purified components might associate in vitro. Because cellular degradation is more commonly probed, 

however, it was more straightforward to draw these data from the literature; we were therefore delighted 

and surprised to discover how well the results from our computational pipeline agreed with this ultimately 

more-relevant endpoint. Importantly, our computational results do not direct incorporate any knowledge 

of a PROTAC’s cell penetrance, efflux, kinetics of ternary complex formation, ubiquitination efficiency 

once the ternary complex is formed, or rate of proteasomal degradation of the ubiquitinated target protein. 

This implies that – at least in the cases we explore here – a PROTAC’s activity is determined primarily by 

its ability to induce ternary complex formation and not these other factors. While systematic studies of 

these additional factors are only now beginning to be carried out [58], results from another recent report 

also align with this perspective. Cell permeability was measured for chloroalkane-tagged components of a 

JQ1-based degrader, and was found to be extremely low for the complete PROTAC: below even the 

concentration needed for effective degradation of BRD4, implying that this PROTAC must rely heavily 

on turnover to achieve depletion of its target protein [64]. This suggests that, for this series at least, cell 

permeability may not be the primary limitation of PROTAC activity. 

A standing unanswered question with respect to PROTAC activity has been the role of 

cooperativity in ternary complex formation: in different systems, effective degraders have been identified 

that proved to be cooperative [35,50,51], non-cooperative [30], or even anti-cooperative [30,52]. Positive 

cooperativity implies that the target protein’s binding to the PROTAC is more favorable when the E3 

ligase is present: this can occur if the ternary complex includes favorable interactions between the two 

proteins. By starting with an ensemble of docked models for the protein components, our computational 

strategy implicitly neglects binding modes in which the protein-protein interaction does not contribute 
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favorably to the ternary complex. Instead, our approach focuses on binding modes in which the two 

proteins already have some intrinsic affinity for one another, and are therefore likely to exhibit (positive) 

cooperativity. Conversely, binding modes in which the arrangement of the protein components are 

unfavorable – leading to anti-cooperativity – may not be present in our docked ensemble, and thus could 

be missed in our subsequent analysis. 

In an anti-cooperative scenario, addition of the PROTAC will still recruit the E3 ligase to the 

target protein: anti-cooperativity simply means that a higher concentration of PROTAC will be needed, 

relative to a non-cooperative or cooperative PROTAC with the same warhead and the E3-recruiting 

moiety. In a sense, anti-cooperative PROTACs degrade their targets despite their unfavorable interactions 

in the ternary complex. While these can certainly have cellular activity, optimizing a PROTAC linker for 

maximal ternary complex formation can be conceptually equated with maximizing cooperativity in the 

ternary complex. Thus, while our computational method may underestimate cellular activity of anti-

cooperative PROTACs, we anticipate that even in these cases this approach can be used to facilitate 

optimization of activity through design of linkers that promote cooperativity. 

As highlighted through the systematic comparisons to published reports that we present here, we 

envision that this computational strategy will prove valuable in at least three different contexts with 

respect to PROTAC design. First, for a given choice of warhead and E3 ligase, a single docked ensemble 

can be generated and numerous candidate linkers evaluated: as demonstrated (Table 1), this strategy can 

help select suitable linkers and provide a path for optimization that reduces the current requirement for 

synthesis and characterization of numerous PROTAC variants. Capitalizing on the suggestion that 

moving towards more rigid linkers can lead to improved potency and selectivity (as exemplified by a 

recent example using a spirocyclic pyrimidine [65]), this structure-based method is also well-positioned to 

suggest inflexible replacements for the typical PEG and alkyl linkers used in early-stage studies. Beyond 

simply varying the length or composition of the linker, the same strategy can also be used to explore 

variations in how the linker is attached to the warhead (Table S1). Second, subtle differences in the 

underlying complementarity between protein surfaces can lead to certain E3 ligases being better suited for 
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degradation of a particular target protein (Table 2): our method is well-positioned to capture these 

differences, and thus guide the choice of an E3 ligase likely to yield effective degraders of the target 

protein. Third, a PROTAC’s preference across a protein family can also be explored, as a means to 

understanding how selectivity with respect to target degradation may differ from that of the warhead on 

which the PROTAC is built (Table 2). 

By exploring ternary complexes of PROTACs built upon the same kinase-binding warhead, 

already we find that surface differences on the conserved kinase fold can change the preferred binding 

modes for a given PROTAC. While these differences are observed in the context of two PROTACs’ 

surprising degradation selectivity, already the underlying differences in the kinase/E3 binding preferences 

are presumably captured in the initial docked ensembles, even before the PROTAC linker has been 

specified. Moving forward, we anticipate that these preferences in the docked ensembled can be captured 

prior to building any models of ternary complexes, to evaluate the potential for selectivity irrespective of 

a particular linker. Support for this concept draws from recently-reported PROTACs built on the dual 

CDK6/CDK4 inhibitor palbociclib [66]. The dual selectivity of palbociclib is unsurprising, given that 

there is complete sequence conservation between these two kinases at all amino acid positions that 

contact this ATP-competitive inhibitor. Whereas multiple studies have described numerous CRBN-

recruiting dual-selective degraders and CDK6-selective degraders [67-70], none report CDK4-selective 

degraders; the only reported CDK4-selective degraders are built on a slightly different warhead, ribociclib 

[71]. Based on the insights from the present study, we therefore speculate that CRBN can engage 

palbociclib-bound CDK6 in at least two binding modes: one of these can also be used to bind CDK4, and 

the other cannot. We envision that a priori knowledge of these available binding modes will enable 

rational design of selective degraders from the outset, by identifying PROTAC linkers that use binding 

modes unique to the protein target of interest. 

Finally, looking to the future, we also expect that providing structural insights into the ensemble 

of ternary complexes used by a given PROTAC may yield additional insights beyond those demonstrated 

in the present study, such as anticipating means by which resistance to PROTACs may emerge [72]. 
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Conclusions 

We report here the development of a new computational pipeline for structure-based modeling of 

PROTAC-mediated ternary complexes. By analysis of the resulting collections of models, we 

demonstrate that it is possible to retrospectively explain relationships between linker length/composition 

and cellular activity. Further, these models can also rationalize the surprising observation that the target-

selectivity of a given PROTAC is not simply transferred from the target-binding warhead: rather, 

interactions with the E3 ligase in the ternary complex can dramatically shift the selectivity of the 

PROTAC. Moving forward, we expect that this approach can certainly be used to facilitate design of new 

PROTACs: by computationally screening libraries of candidate linkers, we envision prioritizing a very 

small number of compounds for synthesis and characterization. Given the current landscape in this field, 

which relies on synthesis of extensive collections of PROTAC variants in order to identify those yielding 

some amount of target degradation, we are confident that this new approach will facilitate design of 

PROTACs addressing many diverse targets. 

 

Methods 

Availability of computational tools and ternary complex models 

Docking and minimization steps were carried out using the Rosetta software suite; Rosetta is 

freely available for academic use (www.rosettacommons.org). Conformer generation was carried out 

using OMEGA version 2.5.1.4. 

Computational tools for building PROTAC ternary models are implemented in python. These 

tools are publicly available (along with complete documentation and examples of their usage) on Github 

(https://github.com/karanicolaslab/PROTAC_ternary). 
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To encourage further examination and additional analyses, the collection of ternary complex 

models for each portion of these studies are available on Mendeley: the ZXH set of Brd4BD1 degraders 

(Table 1) (http://dx.doi.org/10.17632/54hp53tfmt.1), the 28-31 set of Brd4BD1 degraders (Table S1) 

(http://dx.doi.org/10.17632/62hf4cvb7n.1), and the foretinib-based kinase degraders (Table 2) 

(http://dx.doi.org/10.17632/gdwxf3fmvr.1). 

Computational approach 

To model a given system, the two relevant protein/ligand complex structures were downloaded 

from the PDB and first minimized using the Rosetta software suite. The two minimized complex 

structures were then manually combined together using the PyMol software, such that the two bound 

ligands were oriented towards one another. This starting structure was then prepared for docking using 

Rosetta’s pre-pack command: 

 

docking_prepack_protocol.linuxgccrelease -s POI_ligand1_E3ligase_ligand2.pdb 

-use_input_sc -extra_res_fa ligand1.params ligand2.params 

 

Protein-protein docking was then carried out as follows: 

 

docking_protocol.linuxgccelease -s POI_ligand1_E3ligase_ligand2_prepacked.pdb 

-nstruct 50000 -use_input_sc -spin -dock_pert 5 20 -partners XY_MN 

-ex1 -ex2aro -extra_res_fa ligand1.params ligand2_params 

-out:file:scorefile score.sc -score:docking_interface_score 1 

 

Here, the flag “-partners XY_MN” flag specifies that the small-molecule ligands must move 

together with their paired proteins. The “-dock_pert” flag specifies the extent of initial perturbations to be 

used in docking, and thus determines the search space. Only top 10% of the docking decoys were 

advanced to the next steps, as determined by their interaction energies (I_sc in the Rosetta output). 
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For each linker, the desired construct (i.e., the linker capped on either end with “stubs” from the 

protein-recruiting moieties) was built as a SMILES string then used as input for conformer generation 

with OMEGA as follows: 

 

oeomega classic -in linker_name.smi -out linker_name.oeb.gz -maxconfs 1000  

 

We used a custom python script to evaluate the RMSD of the stubs in a given linker conformer 

relative to their location in a docked model. If the RMSD of the stubs passes a specified cutoff value, the 

script then builds and outputs the complete model of the ternary complex. This script was used as follows: 

 

ternary_model_prediction.py -d decoy.pdb -l linker_conformer.pdb  

-da decoy_atoms_list.txt -la linker_atoms_list.txt -c 0.4 

-wd decoy_atom_delete.txt -ld linker_atom_delete.txt 

-t default -r rmsd.txt 

 

Instructions for the usage of this script and a complete explanation for each flag is distributed 

with the script itself (on Github). 

Statistical analysis 

To evaluate statistical significance of the observed results, the original docked ensemble (5000 

models) was split into five groups that each comprised 1000 docked models. Geometrical and energetic 

clustering was separately carried out for each subset, and FFC was independently calculated for each 

subset. Results are reported as the mean of each group, along with standard error of the mean. Statistical 

significance of differences in FFC amongst individual pairs of PROTACs were computed using the 

(unpaired, two-tailed) Student’s t-test. 
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PDB structures used in calculations 

Studies of the “ZXH” series and the “28-31” series were initiated from the JQ1-bound crystal 

structure of Brd4BD1 (PDB 3mxf) and the lenalidomide-bound crystal structure of CRBN (PDB 4tz4). 

Studies of the foretinib-based PROTACs were initiated from the foretinib-bound crystal 

structures of c-Met (PDB 3lq8), EphA2 (PDB 5ia4), and STK10 (PDB 6i2y). These were each paired 

with crystal structures of VHL (PDB 4w9h) and CRBN (PDB 4tz4) bound to their respective ligands. 

Because crystal structures were not available for foretinib bound to p38α or p38δ, these were generated 

via comparative modeling. The complete protocol for building these models is described in the context of 

a separate study [73]. 
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