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ARTICLE INFO ABSTRACT

Keywords: Proteolysis-targeting chimeras (PROTACs) offer a novel therapeutic strategy for degrading disease-causing
Ataxia telangiectasia and RAD3-Related (ATR) proteins, but designing effective degraders remains challenging. PROTACs function by inducing a ternary
]I::aDSSOCK complex between the target protein and an E3 ligase, requiring structural insights for rational design. Key factors

include linker optimization, attachment points, and warhead refinement. Computational approaches, particu-
larly protein-protein docking, are essential for modeling ternary complexes and predicting critical interactions.
However, existing docking methods struggle with cereblon (CRBN)-based ternary complexes. To address this, we
introduce a computational approach combining HADDOCK protein-protein docking with induced fit PROTAC
docking. Validated against 26 crystal structures from the Protein Data Bank (PDB), this method demonstrated
high accuracy, especially for CRBN-based complexes. Additionally, molecular dynamics (MD) simulations of
CRBN-BRD4-BD1 complexes (PDB IDs 6BN7, 6BOY) provided insights into complex stability through buried
surface area and radius of gyration calculations. This validated approach was then applied to five Ataxia tel-
angiectasia and RAD3-related (ATR) kinase PROTACs, enabling modeling in the absence of experimental
structures. Our method provides a robust framework for optimizing and designing novel PROTACs targeting

Protein-protein docking

Proteolysis targeting chimera (PROTAC)
Cereblon

Ternary complex modeling

Molecular dynamics simulation

diverse proteins.

1. Introduction

Proteolysis-targeting chimeras (PROTACSs) present a promising and
novel approach for therapeutic interventions by inducing the degrada-
tion of target proteins via the ubiquitin-proteasome system [1-3].
Structurally, PROTACs are heterobifunctional degraders that consist of
two small molecules: one binding to the target protein and the other
recruiting an E3-ligase. These two binding moieties are connected by a
linker. The simultaneous binding to the target protein and the E3 ligase
induces the formation of a ternary complex. In addition, the E3 ligase
recruits an E2 ligase, which ubiquitinates lysine residues of the target
protein which is subsequently recognized and degraded by the 26S
proteasome [4-6]. Despite the variety of target proteins that can be
addressed by PROTAGCs, the number of E3 ligases utilized so far remains
limited. The most common ones are: Cereblon (CRBN) [7], von
Hippel-Lindau (VHL) [8] and inhibitors of apoptosis proteins (IAPs) [9].
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CRBN binders, thalidomide and its analogs pomalidomide and lenali-
domide, are frequently used in PROTAC design. This is attributed to
their favorable physicochemical properties, such as molecular weight,
lipophilicity and bioavailability [10]. Seven CRBN-based PROTACs are
currently in clinical trials, all of them being orally administered [11].
This demonstrates the therapeutic potential of PROTACs in targeting
various diseases, including cancer, viral infections, and cardiovascular
disorders [12-15].

Compared to traditional small molecule inhibitors, PROTACs offer
several advantages. By utilizing the cell’s natural protein degradation
machinery, PROTACs facilitate the selective degradation of disease-
causing proteins. This approach can yield a more durable therapeutic
effect, as target proteins are permanently eliminated from the system
rather than merely inhibited [16]. Additionally, PROTACs require only
transient target binding, which enables the targeting of otherwise
"undruggable" proteins [17,18]. Furthermore, PROTACs can degrade
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multiple copies of the target protein, allowing them to act effectively at
sub-stoichiometric concentrations [16]. This attribute reduces the risk of
off target effects and minimizes toxicity. Notwithstanding their thera-
peutic potential, the design and application of PROTACs face several
challenges. Their properties often exceed Lipinski’s “rule of five”,
potentially leading to limited bioavailability and metabolic instability
[19,20]. Moreover, their efficacy is influenced by all three components,
with the linker posing particular challenges. The linker must bridge the
target protein and E3 ligase with an optimal length and rigidity. Addi-
tionally, the attachment points to the warheads further complicate the
synthesis of effective PROTACs [21,22].

Computational modeling plays a crucial role in addressing these
challenges by providing insights into the binding mechanisms and
structural dynamics of PROTACs [23]. Among the established methods,
protein-protein docking is a widely used method to generate ternary
complex models. This approach has gained prominence due to the
availability of experimentally determined crystal structures of ternary
complexes, that serve as templates and validation benchmarks [24-27].
A widely recognized protein-protein docking approach was introduced
by Drummond et al., with “Method 4B" within the modeling software
MOE [24]. This method involves rigid protein-protein docking using two
binary complexes: One consisting of the target protein bound to its
warhead and the other compromising the E3 ligase and its correspond-
ing binder. Conformational ensembles of the PROTACs are generated
and subsequently combined with the protein-protein docking results.
Unfortunately, this method was unable to accurately reproduce
CRBN-based ternary complexes, such as PDB IDs 6BN7 and 6BOY [24].
Similarly, alternative strategies like the FRODDOCK-based docking
method by Weng et al. have faced limitations with CRBN-based com-
plexes [26]. Consequently, these challenges underscore the need for
more accurate modeling approaches to effectively predict CRBN-based
complex structures. The modeling of ternary complexes provides a
static representation of the protein arrangements and protein in-
teractions, as well as valuable insights into the optimal linker length for
PROTAGs. Nevertheless, further computational techniques are required
to better understand the dynamic behavior of ternary complexes. Pre-
vious studies, such as those by Wurz et al. and Harish Kumar et al., have
demonstrated the value of molecular dynamics simulations (MDs) in
analyzing ternary complexes. They also employed buried surface area
(BSA) calculations to assess the strength and stability of the
protein-protein interface [28,29]. Despite their utility, the results of the
MD simulation must be interpreted cautiously. While experimental ev-
idence suggests that stable complexes are associated with efficient target
degradation [30-33], highly rigid PROTACs do not always enhance
degradation efficiency [34,35]. Furthermore, the precise stability
duration required for ubiquitin transfer and subsequent degradation
remains unclear. Moreover, MD simulations are inherently limited in
predicting properties such as permeability, bioavailability, or drug
efflux, which are critical for assessing the overall efficacy of a PROTAC.
Despite these limitations, MD simulations remain powerful tools for
providing detailed insights into the conformational flexibility and
interaction dynamics of ternary complexes.

In this study, we present a comprehensive approach for modeling
ternary complexes, with a particular focus on CRBN-based PROTACs.
This approach combines protein-protein docking using High Ambiguity
Driven protein-protein Docking (HADDOCK) [36,37] with subsequent
induced-fit docking of the PROTAC [38]. HADDOCK employs a
semi-flexible docking strategy, distinguishing it from other methods,
such as those introduced by Drummond et al. During the refinement
step, residues at the protein-protein interface are allowed to move,
optimizing the docking pose [36,37]. As HADDOCK does not incorpo-
rate the PROTAC during the protein-protein docking, it is docked into
the resulting protein-protein conformation using induced-fit docking
[38]. In order to validate the approach, we used a dataset of 26 ternary
complex crystal structures, involving three E3 ligases (CRBN, VHL and
cIAP) and various target proteins. The validation was performed using
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three key parameters: the Ca root mean square deviation (RMSD) of the
protein backbones and the PROTAC RMSD with respect to the crystal
structures as well as a comparison of the number of protein-protein in-
teractions. To further investigate the dynamic behavior of CRBN-based
ternary complexes, we subjected PDB IDs 6BOY and 6BN7 to 500 ns
MD simulations. In addition to RMSD calculations and interaction oc-
cupancies between PROTAC and proteins, the BSA and radius of gyra-
tion (Rg) were analyzed.

The validated modeling protocol was then applied to model ternary
complexes of Ataxia telangiectasia and RAD3-related (ATR) kinase [39],
for which we recently developed PROTACs [40]. In addition to our
in-house PROTACs, we used other CRBN-based PROTACs with different
warhead structures and linker lengths [41,42]. By applying this protocol
to ATR-PROTACs, we simulated real-life scenarios where experimental
crystal structures may not be available. This not only demonstrates the
utility of the protocol but also highlights the potential of computational
modeling to guide PROTAC design.

2. Materials and methods
2.1. Protein preparation

The subsequent preparation steps were performed using the Maestro
program in Schrodinger 2021 version 1 [43]. All protein structures were
obtained from the Protein Data Bank (PDB; https://www.rcsb.org/).
Water and buffer molecules were initially removed from the structures.
The Protein Preparation Wizard in Schrodinger was then used to prepare
the protein structures [44,45]. Th [46,47]is process included the addi-
tion of hydrogens, the assignment of bond orders and the reconstruction
of missing side chains and loops. The hydrogen bond network was
subsequently optimized by applying PROPKA at pH 7.0. Finally,
restrained minimization was performed using the OPLS4 force field with
a 0.3 A RMSD cutoff for heavy atoms [46-49].

2.2. Ligand preparation

The PROTAC structures were prepared with the LigPrep tool in
Schrodinger 2021 version 1 [50]. Protonation states were generated at
pH 7.0 + 1.0 using Epik [44,51] and energy minimization was per-
formed with the OPLS4 force field. For PROTACs with stereocenters, the
stereoisomer was taken from the crystal structure. In the case of ATR
CRBN PROTACs, the CRBN ligand was generated analogously in the
S-configuration.

Furthermore, ATR inhibitors and CRBN binders were also prepared
using LigPrep. Subsequently, the ConfGen tool was employed to
generate up to 64 minimized conformers for ATR and CRBN binders
[52].

2.3. Optimization of the ATR AlphaFold model

The AlphaFold structure for the human ATR kinase was obtained
from the AlphaFold website (https://alphafold.ebi.ac.uk/) and the res-
idue range Phel487 — Met2644 was selected for the subsequent opti-
mization process. The optimization was performed twice, each based on
a distinct hinge-binding motif of ATR inhibitors. Two PDB structures of
rationally designed PI3K-alpha mutants, which mimic ATR, were used to
guide this process: PDB IDs 5UL1 and 5UK8. The ligand in PDB 5UL1 (3-
amino-6-(4-{[(2S)-1-(dimethylamino)propan-2-yl]sulfonyl}phenyl)-N-
phenylpyrazine-2-carboxamide) features a 2-aminopyrazine hinge-
binding motif, whereas the crystalized ligand in PDB 5UK8 ((R)-4-(6-
(1-(cyclopropylsulfonyl)cyclopropyl)-2-(1H-indol-4-yl)pyrimidin-4-yl)-
3-methylmorpholine) contains a morpholine hinge-binder moiety [53].
In the first step, the ligands were placed in the AlphaFold structure. To
this end, a sequence and structural alignment of the catalytic domain
(residues 765-1051) from PDB IDs 5UL1 and 5UK8 was performed on
the AlphaFold structure using MOE [38]. The ligands from the crystal
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structures were then individually placed in the AlphaFold model.
Following this, both model structures were prepared using the Protein
Preparation Wizard as described above. For the AlphaFold model con-
taining the aminopyrazine ligand, a different rotamer of the Lys2327
residue was manually selected in Maestro.

2.4. Molecular docking

Molecular Docking of ATR inhibitors in the PDB structures (PDB IDs
5UL1 and 5UK8) and AlphaFold models was performed using Glide in SP
mode [54-58]. The same protocol was implemented for docking CRBN
binders in in the CRBN-pomalidomide complex (PDB ID 6HOG). Re-
ceptor grid boxes with dimensions of 10 x 10 x 10 A were generated
around the co-crystalized ligands (PDB IDs 5UL1, 5UK8 and 6HOG) or
complexed ligands (AlphaFold models) using the Receptor Grid Gener-
ation panel. For each ligand, up to 100 poses were generated and sub-
jected to post-docking minimization. Default settings were maintained
for all other parameters. Hydrogen bond constraints were applied during
docking for ATR inhibitors as follows: Val851-NH and Glu849-CO (PDB
ID 5UL1), Val2380-NH and Glu2378-CO (AlphaFold model with ami-
nopyrazine inhibitor), Val851-NH (PDB ID 5UK8), and Val2380-NH
(AlphaFold model with morpholine inhibitor). Resulting docking poses
were then ranked according to their respective docking scores. The
docking protocol was validated by redocking the co-crystalized ligands
in PDB IDs 5UL1, 5UK8 and 6HOG, followed by RMSD calculations of the
binding pose compared to the crystalized ligands. RMSD values < 2 A
were obtained for the three ligands (5UL1: 1.6 A, 5UK8: 1.3 A and 6HOG:
0.8 A).

2.5. Ternary complex modeling

In general, the approach can be divided into four main steps.
Initially, active residues for the target protein and the E3 ligase must be
selected, as these are crucial to guide the protein-protein docking in
HADDOCK during the second step. In the third step, the PROTAC is
docked in the protein-protein conformation using induced fit docking
with pharmacophore placement. Finally, the ternary complexes are
simulated for 500 ns, followed by calculations of the RMSD, the buried
surface area (BSA) and the radius of gyration (Rg).

2.5.1. Protein-protein docking

Protein-protein docking was performed using the HADDOCK 2.4 web
server (https://rascar.science.uu.nl/haddock2.4/) [36,37]. To validate
the docking protocol, 26 experimentally determined ternary complex
structures were used. In these cases, the PROTAC linker was removed
and the protein complexes were split into two substructures: the protein
of interest (POI) and the E3 ligase with its corresponding warheads. The
details of the POI, E3 ligase, and PROTAC in each structure are provided
in Table S1. Additionally, a case study was conducted on two
CRBN-based ternary complexes (PDB IDs 6BOY and 8RQ9) to evaluate
the impact of using unbound protein structures as input for HADDOCK.
Unbound protein structures were selected as follows: CRBN for 6BOY
(PDB ID 6HOG), BRD4-BD1 for 6BOY (PDB ID 3MXF), BRD4-BD2 for
8RQ9 (PDB ID 2YEM) and CRBN-midi for 8RQ9 (PDB ID 8RQA)
(Table S2).

In order to model ATR kinase ternary complexes, the PROTAC linker
was removed, similarly to the validation. The ATR inhibitors docked
into the AlphaFold models and the CRBN binders docked into the CRBN
structure (PDB ID 6HOG) were utilized for protein-protein docking
(Fig. S17 and S18).

Structures for the POI and E3 ligase were prepared separately using
the Protein Preparation Wizard, as previously described, and served as
input structures for the protein-protein docking. HADDOCK employs a
three-stage docking protocol, including rigid-body docking, semi-
flexible refinement, and Cartesian-space refinement in explicit solvent
[59]. Active residues must be defined for the docking process, as they are
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restrained to be part of the protein-protein interface. Residues within a
radius of 6 A around the warheads for the POI and E3 ligase were
selected in Schrodinger. Their solvent-accessible surface area (SASA)
was calculated using the Binding Surface Area Analysis panel. Only
residues with a solvent-accessible surface area (SASA) > 40 % were
specified as active residues, while no passive residues were defined
(Fig. SIA and S1B). All other parameters in the HADDOCK 2.4 web
server were kept at their default settings. In the docking output,
HADDOCK clustered the protein-protein poses based on the fraction of
common contacts, a measure of the similarity in intermolecular in-
teractions. The clusters were ranked based on the HADDOCK score,
which incorporates various energy components, including intermolec-
ular van der Waals and electrostatic energies, as well as the buried
surface area. The HADDOCK score for each cluster was calculated as the
average score of its top four members. For the 26 crystalized ternary
complexes, all generated protein-protein conformations across all clus-
ters were evaluated. As validation parameter the Co RMSD of the protein
backbones relative to the experimentally determined structures was
measured (P-P Ca RMSD). The P-P Ca RMSD was calculated by aligning
the entire ternary complex on the Ca atoms of both protein backbones.
The conformation with the lowest RMSD, as well as a conformation from
the top-scored cluster were selected for further modeling. In the case of
ATR PROTACG:S, a protein-protein conformation from the highest-scoring
cluster was chosen for subsequent PROTAC modeling.

2.5.2. Induced fit docking

To complete the modeling of the ternary complexes, PROTACs were
docked into the selected protein-protein conformations using molecular
docking in MOE [38]. PROTAC structures, including those from crys-
talized ternary complexes and the ATR kinase, were prepared using
LigPrep as previously described. The active sites for the PROTAC
docking were defined around the warhead regions in both the POI and
the E3 ligase. A combination of pharmacophore placement and the
London dG scoring function was employed. The pharmacophore served
to guide the placement of the warheads in the respective binding site by
identifying critical molecular features necessary for interactions with
the POI and E3 ligase (Fig. S1C and S2). Initially, 1000 placement poses
were generated in MOE. These poses were then evaluated using the
London dG scoring function, which ranks docking poses based on pre-
dicted binding affinities. The top 30 ranked poses were further refined
using induced fit docking, enabling the receptor side chains to adapt for
optimal ligand accommodation. During this refinement, the GBVI/WSA
dG scoring function was applied to select the final 5 poses for each
docking run. In the end, the top-scored pose of the PROTAC was selected
to complete the modeling of the ternary complexes. In order to validate
the docking approach, RMSD values were calculated for the heavy atoms
of the 26 docked PROTAGs relative to the crystalized PROTACs in the
ternary complexes (PROTAC RMSD). The final ternary complex models
were imported into Schrodinger and prepared using the Protein Prepa-
ration Wizard. Protein-protein interactions were analyzed with the
Protein Interaction Analysis (Beta) panel and compared with those
observed in the crystal structures.

2.5.3. Molecular dynamics simulations

The crystal structures of the BRD4(BD1)-CRBN complexes (PDB IDs
6BOY and 6BN7) and the modeled ATR kinase ternary complexes were
subjected to 500 ns MD simulations. For PBD IDs 6BOY and 6BN7 a
missing loop (residues 210-218) was added prior to the simulations,
using the DDB1-CRBN-pomalidomide complex (PDB ID 6H0G) where
this loop is resolved. Furthermore, the stability of the POI and E3 ligase
was separately assessed through 100 ns simulations. In this process, the
AlphaFold models, the CRBN and BRD structures with their respective
warheads were simulated. All system setups and MD simulations were
performed using Desmond within the Schrodinger suite [60,61]. Each
system was solvated in an orthorhombic box with SPC water molecules,
ensuring a distance of 10 A between the solute structures and the
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simulation box boundary. To neutralize the system, Na + or Cl-ions were
added, positioned at least 4 A away from the ligands or PROTAGs. The
OPLS4 force field and the NPT ensemble were employed for all MD
simulations. Each prepared system was initially relaxed using Des-
mond’s relaxation protocol prior to initiating the production simulation.
During the production runs, temperature and pressure were maintained
at 300 K and 1.01325 bar, respectively, using the Nose-Hoover chain
thermostat [62] and the Martyna-Tobias-Klein barostat [63]. The tra-
jectory was recorded at intervals of 100 ps. For the ternary complexes,
two independent MD simulation runs were performed with different
random seeds. The stability of the AlphaFold model was assessed
through three distinct simulations. Simulations of the POI and E3 ligase
were conducted once. MD results were analyzed using the Simulation
Interaction Diagram (SID) and Simulation Event Analysis (SEA) tools.
The SEA module was employed to calculate the P-P Ca RMSD and the
RMSD of the ligand over the simulation time, with frame 0 serving as the
reference. The P-P Co RMSD was determined over the simulation time
by aligning the entire ternary complex to frame 0 based on the Ca atoms
of both protein backbones. This RMSD calculation is consistent with the
P-P Ca RMSD measurement used for the validation of the protein-protein
docking in HADDOCK (section 2.5.1). The SID tool was used to assess the
persistence of ligand-protein interactions over the simulation time.
Furthermore, residue-specific flexibility was analyzed by calculating
RMSF values using the SID tool. The binding free energy of the ATR
ternary complexes was calculated using the Prime MM-GBSA (Molecular
Mechanics/Generalized Born Surface Area) panel in Maestro in
Schrodinger 2021 version 1. Snapshots were extracted at 1 ns intervals
from the final 40 ns of each MD trajectory for the analysis. The structures
were solvated using the Variable Solvent Generalized Born (VSGB) sol-
vation model [64] and minimized with the OPLS4 force field, while all
other settings were kept at their default values.

2.5.4. Calculation of the BSA and Rg

Based on the MD simulation results, the buried surface area (BSA)
and the radius of gyration (Rg) [65] were calculated for the ternary
complexes (PDB IDs 6BOY and 6BN7) and the modeled ATR complexes.
The Rg was computed using the plot function in the trajectory player of
the Schrodinger suite. In this process, all atoms of the ternary complex
were selected and the Rg was calculated over the simulation time. Visual
Molecular Dynamics (VMD) software [66] was used to calculate the
BSA. Initially, the trajectory generated by Desmond was imported into
VMD and the first frame was saved in PDB format to serve as the to-
pology file. The trajectory was then saved in DCD format. To compute
the BSA, the solvent-accessible surface area (SASA) of the ternary
complex components POI, E3 ligase, and PROTAC was calculated
separately, as well as for the POI-PROTAC, E3 ligase-PROTAC, and
POI-E3 ligase complexes. The BSA of each individual component (POI
and E3 ligase) and the protein-protein complex was calculated. The total
BSA was determined by summing the individual BSA values for the POI,
E3 ligase, and the protein-protein complex as follows:

BSApor = (SASApor + SASAprorac) — SASApor-pROTAC complex
BSAE3 tigase = (SASAES ligase SASAPROTAC) — SASAES3 ligase—PROTAC complex
BSA ror—prot complex = (SASApor + SASAgs tigase) — SASApo1-E3 tigase complex
BSA o1 = BSApor + BSAEs tigase + BSAprot—prot complex
3. Results and discussion
3.1. Validation of the ternary complex modeling
As a first step, the ternary complex modeling approach, combining

protein-protein docking in HADDOCK and induced fit ligand docking in
MOE, was validated. A set of 26 experimentally derived ternary complex
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structures deposited in the PDB was used for this purpose. Initially, the
PROTAC linker was removed and the structures of the POI and the E3
ligase with their respective warheads were prepared separately for the
protein-protein docking in HADDOCK. In a case study on two CRBN-
based ternary complexes (PDB ID 6BOY and 8RQ9), unbound crystal
structures were utilized for the POI and E3 ligase to assess the impact of
employing unbound input structures. Residues within a radius of 6 A
around the ligands and a SASA >40 % were selected as active residues in
the docking setup. The RMSD of all obtained protein-protein confor-
mations with respect to the native conformations, i.e. corresponding
PDB structures, was calculated. The top-scored cluster as well as the
model with the lowest P-P Ca RMSD to the native conformation were
selected for further evaluation. The number of hydrogen bonds and salt
bridges between the POI and E3-ligase were calculated and compared to
those observed in the native conformation. Additionally, the respective
PROTACs were docked into the selected models and the RMSD of the
obtained poses was calculated with respect to the binding mode in the
corresponding crystal structures.

The overall method’s performance was assessed based on three pa-
rameters: the P-P Co RMSD and PROTAC RMSD of the selected model
with respect to the corresponding crystal structure, as well as the
number of protein-protein interactions (Table 1, Table 2 and Table S2).
Further details concerning the HADDOCK score of the clusters and the
docking scores for the PROTAC docking are provided in Table S3.

Drummond and William used a P-P Cx RMSD limit of 10 A for vali-
dating protein-protein docking approaches [24]. Using HADDOCK, the
top-scored clusters of 19 out of 26 ternary complexes showed a P-P Ca
RMSD <10 A with respect to the native conformations. Especially for
CRBN-complexes, all top-scored clusters showed high resemblance to
the native conformation with RMSD values between 0.7 and 3.8 .IO\,
hence confirming that HADDOCK can accurately predict the native
protein-protein conformation. Among all protein-protein complexes
obtained from HADDOCK, complexes with P-P Coa RMSD values of less
than 7 A were obtained for all tested 26 ternary complexes, with the
majority exhibiting RMSDs under 4 A. Additionally, the complexes
showing the highest conformity with the native conformation demon-
strated a high degree of similarity between the interactions of the
modeled complexes and those observed in the crystal structures.
Table S4 presents the hydrogen bonds between the BRD4-BD1 and the
CRBN in the ternary complexes of PDB IDs 6BOY, 6BN7, 6BN8 and 6BN9
in comparison to the corresponding models. Besides the number of in-
teractions, also the participating residues of the two proteins were
reproduced. Key interactions observed across all complexes include
those between GIn78 (BRD4-BD1) and GIn100 (CRBN), as well as be-
tween Aspl45 (BRD4-BD1) and Hie1l03 (CRBN). These results obtained
for the protein-protein interactions, along with the results for the P-P Ca
RMSD further support the right selection of active residues in the
protein-protein docking.

To further assess the robustness of the protocol under more practical
conditions, unbound protein structures were used as input for two
representative CRBN-based ternary complexes (PDB IDs 6BOY and
8RQ9). In both cases, the resulting protein-protein docking solutions
closely matched those obtained using the bound crystal structures. For
PDB IDs 6BOY and 8RQ9, the protein-protein conformation with the
lowest P-P Ca RMSD was still located within the top-scored cluster
(RMSD = 1.47 A and 1.91 A, respectively, compared to 1.30 A and 1.24
A using bound structures) (Table S2). These findings demonstrate the
robustness of the HADDOCK protocol, even when applied to unbound
input structures. This level of consistency can be attributed to the semi-
flexible docking algorithm of HADDOCK, which permits conformational
adjustments of protein side chains at the interaction interface.

Notably, complexes with fewer protein-protein interactions tended
to demonstrate higher RMSD values during the validation. This ten-
dency highlights the challenge posed by a limited number of interactions
during the modeling process, as the modeled complexes often displayed
a higher number of predicted protein-protein interactions. These


https://www.rcsb.org/structure/6BOY
https://www.rcsb.org/structure/6BN7
https://www.rcsb.org/structure/6BOY
https://www.rcsb.org/structure/8RQ9
https://www.rcsb.org/structure/6BOY
https://www.rcsb.org/structure/6BN7
https://www.rcsb.org/structure/6BN8
https://www.rcsb.org/structure/6BN9
https://www.rcsb.org/structure/6BOY
https://www.rcsb.org/structure/8RQ9
https://www.rcsb.org/structure/6BOY
https://www.rcsb.org/structure/8RQ9

A.-C. Sarnow et al.

Table 1
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Summary of the results obtained for the CRBN-based ternary complex crystal structures used for method validation. The results for the protein-protein conformation
with the lowest P-P Cot RMSD as well as the conformation in the top-scored cluster are presented. The results are labeled as follows: * top-scored and? 2nd-scored

cluster.
PDB ID POI E3 ligase P-P Ca RMSD [A] PROTAC RMSD [A] Number of protein-protein interactions
P-P hydrogen bonds P-P salt bridges
crystal structure model crystal structure model
6BOY BRD4-BD1 CRBN 1.30* 2.02 3 3 0 0
6BN7 1.09* 1.61 3 4 0 0
6BN8 0.77* no crystl. ligand 2 2 0 0
6BN9 0.66* no crystl. ligand 2 3 0 0
8RQ9 BRD4-BD2 CRBN 1.24* 1.47 1 2 0 0
8UH6 PTPN2 CRBN 3.81* 1,88 1 2 0 0
3.022 1.06 2 0
Table 2

Summary of the results obtained for VHL and cIAP based ternary complex crystal structures used for method validation. The results for the protein-protein confor-
mation with the lowest P-P Cx RMSD as well as the conformation in the top-scored cluster are presented. The results are labeled as follows: * top-scored,? 2nd-scored,®

3rd-scored,* 4th-scored,® Sth-scored or® 6th-scored cluster.

PDB ID POI E3 ligase P-P Ca RMSD [A] PROTAC RMSD [A] Number of protein-protein interactions
P-P hydrogen bonds P-P salt bridges
crystal structure model crystal structure model
7KHH BRD4-BD1 VHL 7.45% no pose 2 1 1 0
1.374 1.72 2 1
8BEB 1.91* 1.89 1 2 0 0
8BDS 0.90* 1.73 2 3 1 1
5T35 BRD4-BD2 VHL 2.16* 2.00 6 7 0 0
8BDT 1.99* 1.79 7 6 3 3
8BDX 17.4* no pose 4 1 1 0
1.443 1.31 3 1
6SIS 3.46* 3.24 6 4 2 1
1.24° 1.02 4 2
7P14 FAK VHL 17.5* no pose 4 5 0 3
1.474 1.37 4 0
6HR2 SMARCA4 VHL 7.02* no pose 4 3 0 1
2.922 1.89 4 0
6HAX SMARCA2 VHL 8.43* no pose 3 1 0 0
3.73* 2.01 3 0
6HAY 2.26% 1.52 3 3 0 0
7Z6L 13.6* no pose 1 5 0 1
2.69° 1.53 1 0
7Q2J WDR5 VHL 10.6* no pose 3 4 1 1
4.00° 2.16 3 1
7JTP 1.35* 1.49 3 5 1 1
8BB2 8.17* no pose 1 3 0 0
6.85% no pose 2 0
8BB3 12.8* no pose 0 3 0 0
6.147 no pose 1 0
8BB4 14.8* no pose 1 2 1 1
3.28° 2.28 1 1
8BB5 10.2* no pose 0 1 0 0
5.15° no pose 2 0
6W70 BTK cIAP 2.91* 1.38 5 4 0 0
8DSO 5.9% no pose 2 2 0 0
1.06* 1.55 3 0

observations become particularly evident in the WDR5-VHL ternary
complex structures (PDB IDs: 8BB2, 8BB3 and 8BB5). In Fig. S3, the
missing protein-protein interactions for PDB ID 8BB3 compared to other
ternary complexes are visible. The observed discrepancy may, in part, be
attributed to the docking algorithm’s reliance on predefined active
residues. These residues enforce interactions at the interface even when
they are absent in the crystal structure. Such constraints can lead to
artificially increased protein-protein interactions during docking and
reduced accuracy for complexes with inherently sparse interfaces.

As a last step, the PROTACs were docked into the top-scored protein-
protein conformation as well as that showing the lowest P-P Coo RMSD to
the native conformation. To this end, induced fit docking utilizing
pharmacophore features (Fig. S1C and S2) as constraints was conducted

in MOE. Induced fit docking effectively addresses the structural
complexity of PROTACs by introducing flexibility not only to the ligand
but also to the protein binding site. Additionally, the selected pharma-
cophore features guide the docking procedure by ensuring the correct
position of the warheads within the binding site. The RMSDs of the top-
scored docking poses were calculated using the respective native
conformation of the PROTAC in the corresponding PDB as a reference.
Top-scored docking poses displayed RMSD values < 2.5 A compared to
their respective crystal structures in all cases where the used protein-
protein conformation shows high conformity with the native confor-
mation (P-P Ca RMSD <5 A). Meanwhile, no docking results were ob-
tained in the protein-protein conformations that display P-P Cox RMSDs
>5 A. This might be caused by deviations from the native protein-
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protein conformation in the modeled ternary complexes preventing the
PROTAC from adequately bridging the distance between the two pro-
teins. It’s noteworthy that the obtained docking poses in all top-scored
protein-protein conformations of CRBN-based complexes showed an
RMSD <2.02 A.

In conclusion, the combination of protein-protein docking in
HADDOCK with induced fit ligand docking in MOE represents an ac-
curate approach for modeling ternary complexes of various target pro-
teins and E3 ligases. In Fig. 1, the obtained CRBN-based modeled
complexes (PDB IDs: 6BN7, 6BOY and 8RQ9) are illustrated in

Computers in Biology and Medicine 194 (2025) 110570

comparison to their crystal structures. The BRD4-warheads formed
hydrogen bonds with an asparagine residue. Similarly, for CRBN war-
heads, three hydrogen bonds were observed to be formed by the gluta-
rimide moiety with His378 and Trp380 in all displayed PROTACs.
Further ternary complexes data are provided in Fig. S3.

While the validation setup in this study provides a more favorable
scenario compared to using unbound structures, it ensures consistency
across the tested dataset. Importantly, HADDOCK’s semi-flexible
refinement enables conformational adjustments at the protein-protein
interface. This reduces potential bias introduced by starting with

Fig. 1. Modeled ternary complexes are shown in comparison to the crystal structures after superposition on the Ca atoms of the protein backbone. Proteins and
ligands of the crystal structure are colored white. For the modeled complexes, the protein of interest is shown in cyan, CRBN in magenta and the ligand as green
sticks. Important binding site residues are shown as sticks and hydrogen bonds are indicated by yellow dashed lines. (A) and (B) BRD4-BD1/CRBN (PDB ID 6BN7). (C)
and (D) BRD4-BD1/CRBN (PDB ID 6B0Y). (E) and (F) BRD4-BD2/CRBN (PDB ID 8RQ9). (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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bound structures, which was further confirmed by using unbound input
structures for PDB IDs 6BOY and 8RQ9. In contrast, many benchmarked
methods, like Method 4B, are based on rigid-body docking, where the
lack of flexibility can make unbound scenarios significantly more chal-
lenging. Although these methods were evaluated using unbound pro-
teins, a comparison to the implemented HADDOCK-based approach
remains informative even under slightly different modeling conditions.
This approach proved to be highly reliable especially in modeling CRBN-
based ternary complexes, outperforming previously published methods.
For instance, Method 4, implemented by Drummond et al., failed to
generate ternary complexes with an RMSD <10 A for PDBID 6BOY [25].
Similarly, Method 4b generated only 0.4 % (BRD4-BD1/CRBN, PDB ID
6BOY) and 5.1 % (BRD4-BD1/CRBN, PDB ID 6BN7) of ensembles with
RMSD values below this threshold [24]. Meanwhile, the
FRODDOCK-based protocol was only capable of producing models of an
acceptable quality for CRBN-based ternary complexes within an inter-
face RMSD range of 2.93-4.96 A [26]. Likewise, Rovers and Schapira’s
benchmark study revealed the inaccuracy of AlphaFold-Multimer in
predicting these protein-protein conformations. For CRBN-based ternary
complexes, the predict models exhibited RMSD values > 17 A, further
highlighting the limitations in modeling CRBN-based ternary complexes
[67]. In contrast, our HADDOCK-based approach consistently achieved
RMSD values < 4 A for all CRBN-based ternary complexes, with the
PROTAC itself exhibiting RMSD values < 2 A. Additionally, the structure
with the lowest RMSD was consistently located within the top-scored
cluster. This facilitates the reliable selection of the most accurate
protein-protein conformation for CRBN-based PROTACs with unknown
protein-protein conformations. To further evaluate the performance of
the implemented HADDOCK-based protocol, the comparison of the re-
sults was extended to a broader set of VHL-based ternary complexes. In
general, Method 4B as well as the FRODOCK-based protocol, achieved
higher accuracy for VHL-based ternary complexes than for CRBN-based
ones. For instance, in the case of the BRD4-BD2/VHL ternary complexes
(PDB IDs 5T35 and 6SIS), FRODOCK produced models with interface
RMSD values below 1 A [26]. Method 4B also performed well, gener-
ating 57.9 % of the ensemble for PDB ID 5T35 within the RMSD
threshold of 10 A [24]. In comparison, the implemented
HADDOCK-based approach achieved RMSD values of 2.16 A (PDB ID
5T35) and 3.46 A (PDB ID 6SIS) for models within the top-scored clus-
ters. Further evaluation was performed on the SMARCA/VHL ternary
complexes (PDB IDs 6HAX, 6HAY, and 6HR2). For these complexes,
Method 4B and FRODOCK both achieved RMSD values in the range that
is typically considered to be crystal-like. Method 4B produced models
with RMSD values ranging from 4 to 8.5 A, while FRODDOCK achieved
interface RMSDs below 2 A [24,67]. Protein-protein docking in
HADDOCK generated comparable results with RMSD values between
2.26 and 8.43 A among the top-scored clusters. As with the CRBN-based
systems, AlphaFold-Multimer consistently failed to generate accurate
models for VHL-based ternary complexes. All resulting structures dis-
playing RMSD values exceeding 10 A [67]. These outcomes were
notably less accurate than those produced by any of the evaluated
protein-protein docking methods, including the implemented
HADDOCK-based protocol. As mentioned above, the HADDOCK based
approach displayed certain limitations when applied to ternary com-
plexes with fewer protein-protein interactions, like PDB IDs 8BB2, 8BB3,
8BB4 and 8BB5. Similarly, Method 4B failed to generate crystal-like
structures in these cases. Our HADDOCK-based approach showed
comparably bad results, where only the model of PDB ID 8BB2 displayed
an RMSD <10 A. However, crystal-like poses could still be identified in
lower-ranked clusters. This suggests that, despite ranking limitations,
HADDOCK retains the potential to generate accurate models in chal-
lenging scenarios. Compared to the modeling of CRBN-based ternary
complexes in HADDOCK, the model with the lowest RMSD for
VHL-based systems was not consistently found within the top-scored
cluster. However, the overall performance of the HADDOCK-based
protocol remained competitive with other ternary complex modeling
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workflows. The obtained RMSD values for VHL-based models in the
top-scored clusters were within the same range as in previously pub-
lished methods. These findings indicate that the protocol is also appli-
cable to model VHL-based ternary complexes; however all obtained
clusters including the lower-ranked ones have to be taken into consid-
eration particularly in ternary complexes with fewer protein-protein
interactions. Nevertheless, ternary complex modeling approaches,
such as HADDOCK, have inherent limitations. They cannot predict fac-
tors such as PROTAC permeability or bioavailability, which are key el-
ements in achieving effective degradation. However, they do provide
valuable insight into protein-protein conformations, linker length, and
PROTAC-protein interactions.

3.2. MD simulations of ternary complex crystal structures

3.2.1. MD simulations

To assess the stability of CRBN-based ternary complexes and to
validate the simulation protocol, MD simulations were performed on the
crystal structures (BRD4-BD1/CRBN, PDB ID 6BN7 and 6BOY). Each
structure was simulated twice for 500 ns. Prior to simulating the com-
plete ternary complex, the individual warhead-protein complexes
(BRD4-BD1 and CRBN) were analyzed using 100 ns MD simulations.

The BRD4-BD1-ligand complex demonstrated high stability, with
fluctuations between 1 and 2 A for the Ca atoms of the protein backbone
and ligand RMSDs around 1 A (Fig. S4). In contrast, the CRBN-
thalidomide complex revealed a highly flexible loop region [44,45] as
evidenced by the protein RMSF values, which ranged from 3 to 6 A
(Fig. S4C and S5A). This loop typically interacts with the DNA
damage-binding protein 1 (DDB1) [68]. As this flexibility does not affect
the ligand binding site or the protein-protein interface in the ternary
complex, the loop was excluded from further RMSD calculations. The
recalculated RMSD for the Ca backbone stabilized at approximately 2 A
(Fig. S4D). The CRBN binder also remained stable with RMSD values <
1 A, forming stable hydrogen bonds with the backbone of Trp380 and
His378. A third hydrogen bond to the side chain of His378 showed a
significantly lower occupancy due to side chain flexibility (Fig. S5B).

The crystal structures of BRD4-BD1/CRBN (PDB IDs 6BN7 and
6BOY) exhibit an identical protein-protein conformation, despite
incorporating different PROTACs. MD simulations over 500 ns revealed
only minor differences in their dynamic behavior. For PDB ID 6BN7, the
RMSD of the Ca atoms stabilized between 3 and 4 i\, while for PDB ID
6BOY the protein RMSD initially increased to 5 A before stabilizing in
the same range (Fig. S6). The RMSD of the PROTAC in both complexes
remained stable, fluctuating minimally between 1 and 2 A (Fig. S6, S7
and S9). Furthermore, the interactions between the PROTAC and their
respective proteins aligned with the findings from the simulations of the
individual warhead-protein complexes. Of particular note were the in-
teractions with the backbones of Trp380 and His378 of CRBN, which
displayed the highest stability (Table S5). These results were consistent
across the second simulation replicate, which showed similar RMSD
trends and hydrogen bond occupancies (Fig. S7-S9).

3.2.2. Calculation of the buried surface area (BSA) and radius of gyration
(R®

The further validate the stability of the ternary complexes, the radius
of gyration (Rg) and the buried surface area (BSA) were analyzed. While
the Rg provides a measure of the compactness and resulting structural
stability of the ternary complex [11], the BSA offers insights into the
stability of the protein-protein interface [69]. Both parameters remained
stable throughout the 500 ns simulations, with Rg values between 28
and 29 A and consistent BSA profiles for both PDB IDs 6BN7 and 6BOY.
The results for both replicates are displayed in (Fig. S6 and S7). This
consistency suggests that the ternary complexes remained intact
throughout the simulation, with no evidence of protein dissociation.
Altogether, stable RMSD values for the proteins and ligands, Rg and BSA
values validate the MD protocol and confirm the structural robustness of
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the complexes. Notably, this stability of PDB ID 6BOY is consistent with
findings from Rovers and Schapira, which were obtained using different
simulation settings [67].

Nevertheless, the results from MD simulations should be interpreted
with caution. Studies, such as those by Kumar et al. or Rovers and
Schapira, have demonstrated that even active PROTACs can form
ternary complexes that appear unstable in MD simulations [28,67]. This
again is particularly evident in cases of ternary complexes with a limited
number of protein-protein interactions, as observed in
WDR5-VHL-PROTAC ternary complexes (PDB IDs 7761, 8BB2 or 8BB5).
These complexes exhibited significant flexibility over the duration of the
simulation. Furthermore, longer or more flexible linkers are possibly
associated with higher RMSD values, underscoring that instability in MD
simulations does not necessarily indicate an inactive PROTAC. More-
over, MD simulations do not account for factors such as permeability or
drug efflux of the PROTACs, which can significantly influence the
degradation efficacy. Despite these challenges, MD simulations remain
an invaluable tool for studying the dynamic behavior of ternary com-
plexes. They provide critical insights into the stability of warhead
structures within their respective binding sites, ensuring that the pro-
teins are brought into sufficient proximity for degradation. Moreover,
MD simulations facilitate the exploration of linker length and flexibility,
offering guidance for the rational design of PROTACs. Importantly,
while instability in MD simulations may not rule out the PROTAC ac-
tivity, observing stability can support the hypothesis that effective
degradation is possible. This has been demonstrated previously for
BRD4-BD1/VHL complexes (PDB IDs 7KHH and 8BDS), as well as in this
study for BRD4-BD1/CRBN-based complexes such as 6BOY and 6BN7
[28].

3.3. Modeling of ATR ternary complexes

3.3.1. Optimization of the ATR AlphaFold model

The only available human ATR kinase structure in the PDB (PDB ID
5YZ0) has several missing loops that could not be accurately modeled
using classical homology modeling [70]. These missing loops rendered
the structure unsuitable for dynamic analysis of ternary complexes.
Docking in the initial AlphaFold structure failed because of the unfa-
vorable orientation of several side chains in the binding pocket. There-
fore, the structure was subsequently optimized to ensure its suitability
for molecular docking and simulation studies. To this end, the binding
conformation of two ATR inhibitors, a morpholine- and an
aminopyrazine-based ligand, was retrieved from the respective PDB
structure (respectively from PDB IDs 5UK8 and 5UL1, obtained from a
rationally designed PI3K-alpha mutant that mimics ATR [53]) and
inserted in the AlphaFold model. The resulting complexes were subse-
quently energy minimized, which led to conformational changes in
several side chains in the binding pocket. Notably, the orientation of
Asp2494 was altered for both ligands, while the aminopyrazine ligand
also induced conformational changes in the side chain of Glu2479. To
prevent unfavorable clashes between the protein and ligand, an alter-
native conformer for Lys2327 was selected (Fig. SI0A and Fig. S11A).
The optimized AlphaFold models underscore the necessity of employing
ligand-specific models, as the distinct hinge-binding motifs (morpholine
and aminopyrazine) induce differing side chain conformations. The ATR
PROTACs used in subsequent modeling phases incorporate both
hinge-binding motifs.

Consequently, the minimized AlphaFold models were validated
through molecular docking. The docking protocol was previously vali-
dated with crystal structures (PDB IDs 5UK8 and 5UL1), yielding RMSD
values under 2 A and confirming the reproducibility of key interactions
(Fig. S12). In the AlphaFold models, the binding mode of the ligands was
successfully reproduced in both structures. For the aminopyrazine
ligand, an RMSD of 1.5 A was calculated when compared to its position
in PDB ID 5UL1. The docking results confirmed the formation of key
hydrogen bonds, including two interactions with the hinge region
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(Val2380 and Glu2378) and a third bond with Gly2385 via the sulfone
moiety (Fig. S10B). For the morpholine ligand, an RMSD of 1.2 A was
achieved relative to its position in PDB ID 5UKS8. This docking pose
included a hydrogen bond between the hinge region (Val2380) and the
oxygen of the morpholine ring system, as well as a second bond between
Asp2335 and the nitrogen of the indole system (Fig. S11B). The final
validation step involved MD simulations to assess the stability of the
models. Results obtained for the aminopyrazine-containing model are
presented in Fig. S13, while the results for the morpholine model are
provided in the SI (Fig. S14). The RMSD values for the entire protein
(residues 1487-2644) fluctuated between 3 and 4 10\, while the catalytic
domain (residues 2296-2604) stabilized between 2 and 3 A. For the
ligand, stable RMSD values between 1 and 2 A were achieved. The
higher RMSD values for the full protein can be attributed to a flexible
loop (residues 1604-1620), which displayed RMSF values between 4
and 8 A. This loop is absent in the corresponding PDB structure (PDB ID
5YZ0) and has low confidence values in the AlphaFold model (pLDDT
<50), which likely explains its high flexibility. As this loop does not
influence the binding pocket, it is not expected to affect ligand binding.
Additionally, there is no indication that it plays a role in the protein-
protein interface. Besides the RMSD values below 2 A, the stability of
the ligands was further supported by the hydrogen bond occupancy: the
aminopyrazine- and the morpholine moiety exhibited occupancy levels
of over 90 % with the kinase hinge region (Val2380 and Glu2378).
Additionally, the hydrogen bonds to other residues, like Gly2385 or
Asp2335, are maintained for the majority of the simulation (Fig. S15 and
$16). In conclusion, the successful docking results and the stable MD
simulations confirm that the models are well-suited for ternary complex
modeling.

3.3.2. Modeling of ATR/CRBN ternary complexes

The validated methods for the modeling of ternary complexes and
the optimized AlphaFold models were finally employed to model ternary
complexes for the ATR kinase with CRBN. For this purpose, five recently
reported ATR-targeting PROTACs with confirmed degradation activity
were selected. Table S6 and Fig. 2 summarize information about the
PROTAC structures and degradation effects used during the modeling
process. In cellular assays, these PROTACs demonstrated strong ATR
degradation. 42i (Abd110) achieved 80-90 % ATR degradation at 1 pM
in MV-4-11 cells [71]. Similarly, 8i, 10b, and 12b exhibited high
degradation efficiencies in the same cell line at 0.5 pM [41]. Among
them, 8i was the most effective PROTAC, achieving 93 % ATR degra-
dation, followed by 10b (86 %) and 12b (81 %). The degradation of 8i,
10b and 12b was evaluated using western blotting. PROTAC ZS-7
induced ATR degradation in ATM deficient LoVo cells. A maximum
degradation of 84 % was achieved after 72 h of treatment with a DCs( of
0.53 pM [42].

All mentioned PROTACs recruit CRBN as E3 ligase, but the ATR
warheads and the linker length differ. In Fig. S17 and S18, the docked
warheads into the respective ATR or CRBN structure are illustrated.
PROTAC ZS-7 [42] incorporates the morpholine hinger-binding moiety,
whilst the remaining four PROTACs feature an aminopyrazine hinge
binder. Furthermore, structural variations are observed in the linker
region. PROTAC 42i (Abd110) [40] contains a sulfonamide group,
whereas PROTACs 8i, 10b and 12b [41] include an amide group. The
figures also highlight the active residues selected for the protein-protein
docking using HADDOCK. These active residues varied among the
PROTACs due to differences in their ATR warhead structures. To ac-
count for these structural variations, three separate HADDOCK runs
were performed: 42i (Abd110) (run I); 8i, 10b and 12b (run II); ZS-7 (run
II1). The grouping strategy employed in this study ensured that the
distinct structural characteristics of the PROTACs were appropriately
addressed during the ternary complex modeling.

In accordance with the HADDOCK validation results, a protein-
protein conformation from the top-scored cluster was selected for each
docking run. The pharmacophore features utilized to guide the docking
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Fig. 2. Structures of active ATR PROTACs that are used for the modeling of the ternary complexes. The ATR kinase warheads are colored red, the CRBN warheads are
shown in blue and the linkers are highlighted in black. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

of the PROTACs within the selected conformation are presented in
Fig. S19. Ternary complexes were successfully generated for all PRO-
TACs, showing the required interactions between PROTACs and their
respective protein partners (Fig. 3 and S20). The aminopyrazine moiety
(in 42i (Abd110), 8i, 10b and 12b) formed two hydrogen bonds to the
ATR kinase hinge region (Val2380 and Glu2378), while the morpholine
hinge-binder in ZS-7 interacted only with Val2380. Additional hydrogen
bonds were observed between the sulfonamide- or amide groups of the
ATR warheads and Gly2385. Furthermore, PROTAC ZS-7 displayed two
additional bonds to Lys2327 and Asp2335 in the affinity pocket. All five
PROTACs consistently interacted with CRBN through three hydrogen
bonds between the glutarimide moiety and Trp380 and His378. A
comprehensive summary of the HADDOCK scores and docking scores for
the ATR PROTAC:s is provided in Table S6.

Subsequent alignment of the ternary complexes revealed similar
protein-protein conformations across all PROTACs. Despite the varia-
tions in warhead structures and active residues used in HADDOCK, the
RMSD matrix confirmed this similarity, suggesting that active ATR ki-
nase PROTAC: fit the same protein-protein conformation (Table S7 and
Fig. 4). This observation aligns with previous findings from the PRO-
TACs in the crystal structures of BRD4-BD1/CRBN (PDB IDs 6BOY and
6BN7). Moreover, for VHL-based ternary complexes of the BRD4-BD1
(PDB IDs 7KHH, 8BEB, 8BDS) and BRD4-BD2 (PDB IDs 5T35, 6SIS,
8BDT, 8BDX), the crystal structures demonstrated similar protein-
protein conformations despite different active PROTACs with varying
linker lengths.

3.3.3. MD simulations of the ATR/CRBN ternary complexes

3.3.3.1. MD simulations. In order to evaluate the dynamic stability of
the modeled ATR ternary complexes and confirm the validity of the
docking results, two independent MD simulations (500 ns) were con-
ducted for each complex. The results revealed stable protein-protein
conformations across all PROTACs with protein Ca RMSD values

stabilizing at 4 A after initial fluctuations (Fig. 5 and S21). Minor de-
viations in the RMSD plots are attributed to flexible loops in the ATR
kinase, particularly residues 1604-1620 and 1870-1880, which
exhibited higher RMSF values (Fig. S22). The loops are distant from the
binding pocket of the PROTAC and are, hence, not expected to affect the
stability of the complex at the protein-protein interface. Despite the
variation in linker length, all five PROTACs demonstrated consistently
stable RMSD values around 2 A throughout the simulation. This stability
is further underscored by the RMSF values, with most atoms displaying
fluctuations under 2 A (Fig. S23). The RMSF plots of the PROTACs
indicated that they remained stable during the course of the MD-
simulation. Slightly higher flexibility was observed in the linker region
of ZS-7, the PROTAC with the longest linker. For the aminopyrazine-
based PROTACs, the terminal phenyl group connected via a carbox-
amide to the aminopyrazine moiety was identified as the most flexible
moiety. The stability of the complexes was further supported by
consistent ligand-protein interactions. Hydrogen bond occupancies be-
tween the aminopyrazine or morpholine moiety and the kinase hinge
region (Val2380 and Glu2378) ranged from 70 % to 97 %. Likewise,
interactions between the glutarimide moiety of the PROTACs and CRBN
Trp380 exceeded 90 %, highlighting consistent binding (Fig. 524-528).
The hydrogen bond, particularly with the side chain of His378, exhibi-
ted significantly lower occupancy, which can be attributed to the
increased flexibility of this side chain.

Subsequently, MM-GBSA binding free energy calculations for the
different ATR PROTACs were performed using snapshots taken every 1
ns from the final 40 ns of each 500 ns MD simulation. These binding free
energy calculations provide an estimate of the binding affinity of a
protein-ligand complex [72]. Additionally, they have been shown to
effectively predict the binding stability of PROTAC-induced ternary
complexes [73].

Despite differences in experimental conditions and concentrations,
all five PROTACs demonstrated potent degradation activity (80-93 %).
Consistently, MM-GBSA calculations yielded negative binding free
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Fig. 3. Modeled ternary complexes for the ATR kinase. The protein backbone of ATR is displayed in magenta, while the backbone of CRBN is displayed in cyan.
Important binding site residues shown as sticks. The PROTACs are presented as green sticks. Hydrogen bonds are displayed as yellow dashed lines, while pi-pi
interactions are indicated by cyan dashed lines. The ternary complexes are shown as follows: (A) 42i (Abd110), (B) 8i, (C) 10b and (D) ZS-7. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

energies below —100 kcal/mol, aligning with their observed degrader
activity and supporting their binding stability in the ternary complexes
(Table S8). Among the three PROTACs tested under identical experi-
mental conditions (8i, 10b, and 12b), 8i exhibited the most negative
binding free energy (below —130 kcal/mol). This aligns with its highest
observed degradation efficiency compared to 10b and 12b. It was also
found that 42i (Abd110) and ZS-7 displayed highly negative MMGBSA
values, indicating favorable ternary complex formation. However, a
direct quantitative comparison is limited due to differences in experi-
mental conditions. Standard deviations ranged from 5 to 7 kcal/mol,
reflecting fluctuations inherent to MD-based MM-GBSA calculations, but
overall trends remained consistent. The use of discrete snapshots may
also contribute to this variability. While MM-GBSA values support the
observed degradation activity, it is important to note that these calcu-
lations alone cannot fully predict PROTAC efficacy. Other critical fac-
tors, such as cellular uptake, target engagement, and efficacy of the
target ubiquitination also influencing overall proteasomal target
degradation in cells.
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3.3.3.2. Calculation of the BSA and Rg. To further assess the stability of
the ATR ternary complexes, particularly at the protein-protein interface,
the BSA and Rg were calculated (Fig. S29 and S30). The Rg values for all
complexes remained consistent at approximately 39 A, indicating a high
degree of structural stability and compactness. In contrast, the BSA
values varied across the different complexes. For PROTACs 42i, 12b and
ZS-7, the BSA fluctuated between 2000 and 2500 AZ, while for 8i and
10b, the BSA stabilized around 1500 A2, These variations are likely due
to the dependency of BSA calculations on SASA measurements. Small
structural changes, such as side chain conformations, can impact the
SASA [74] of a structure, leading to different BSA values. Despite these
variations, the BSA plots showed minimal deviations and remained
stable for all ternary complexes. Altogether, the results further confirm
the stability of the ATR ternary complexes and the integrity of the
protein-protein interface. Additionally, the second replicate exhibited
results closely aligned with the first, reinforcing the stability and reli-
ability of the simulations.

In summary, the results derived from the MD simulations confirm
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Fig. 4. Superposition of the generated ATR/CRBN ternary complexes. The complexes are colored as follows: 42i (Abd110) (green), 8i (cyan), 10b (yellow), 12b
(orange) and ZS-7 (magenta). In (A), the complete ternary complexes are displayed after superposition of the Ca atoms of the protein backbones. (B) shows the
PROTAC structures after the superposition of the Ca atoms of the binding sites. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 5. Results for the first 500 ns MD simulations of the ATR ternary complexes. RMSD plots are displayed for the protein-protein Ca atoms of the protein backbone
and the heavy atoms of the PROTACs. They are shown as follows: (A) 42i (Abd110), (B) 8i, (C) 10b, (D) 12b and (E) ZS-7.

that all five modeled ATR ternary complexes remained stable over the
500 ns simulation period. Despite the variations in the linker length, all
PROTACs consistently adopt a very similar protein conformation for
both partners and exhibited stability throughout the simulation. Minor
derivation observed in the RMSD, Rg and BSA curves can be attributed
to differences in linker length and small variations in the protein
conformation during the simulation. While MD simulations provide
valuable insights into the behavior of the reported ATR PROTACs, they
cannot fully predict their efficacy. Critical features such as cellular up-
take, permeability, and target ubiquitination are essential for evaluating
the overall effectiveness of PROTACs in a biological context. Never-
theless, the simulations underscore the consistent binding of the
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warheads to the ATR kinase and CRBN. In addition, regions of higher
flexibility and linker dynamics, as observed for ZS-7, were revealed. The
degradation activity of the PROTACs was further supported by MMGBSA
binding free energy calculations, which confirmed the binding stability
of the PROTAGCs.

4. Conclusion

In this study, a novel computational approach for modeling ternary
complexes was introduced. The combination of protein-protein docking
using HADDOCK and induced fit docking proved its efficiency, as vali-
dated by 26 ternary complex structures. Particularly for CRBN-based
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ternary complexes, such as PDB IDs 6BOY and 6BN7, highly accurate
results were achieved. Furthermore, MD simulations were utilized to
confirm the stability of the crystal structures PDB ID 6BOY and 6BN7. By
incorporating two additional parameters, Rg and BSA, a more profound
understanding of the compactness and stability of the protein-protein
interface was obtained. Additionally, ternary complexes for five active
ATR degraders were generated using the proposed methodology. The
utilization of an optimized AlphaFold structure for the ATR kinase
enabled the overcoming of the lack of suitable ATR crystal structures for
complex modeling. Despite variations in warhead structures and linker
lengths, a similar protein-protein conformation was obtained across all
ternary complexes. This finding suggests that active ATR PROTACs can
adopt the same protein-protein conformation, regardless of the linker
length. The reliability of these models was further supported by MD
simulations, which revealed only minor differences depending on the
PROTAC structure. Overall, the results highlight the utility of this
computational approach in the structural design of CRBN-based PRO-
TACs. In light of these findings, it can be concluded that this method can
be further applied to optimize existing structures and contribute to the
development of novel ATR degraders. Furthermore, the method offers a
valuable framework for modeling ternary complexes of diverse target
proteins, providing insights into protein-protein conformations and
facilitating the rational design of new PROTACs.

Nevertheless, several limitations of the employed methodologies
have to be considered. For the protein-protein docking in HADDOCK,
challenges arose in complexes with fewer or missing protein-protein
interactions, as observed in WDR5-VHL ternary complexes (PDB IDs
8BB2 and 8BB3). These structures also pose challenges during MD
simulations as they displayed unstable RMSD and BSA values. With re-
gard to ternary complexes with limited protein-protein interactions,
further validation and the exploration of novel approaches are impera-
tive for future progress in PROTAC development.
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