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ABSTRACT

Proteolysis-targeting chimeras (PROTACsS) are heterobifunctional small molecules that recruit E3
ubiquitin ligases to a target protein and induce its ubiquitination by forming a ternary complex.
For rational PROTAC design, computational methods that provide molecular insights into these
association structures are required. In this study, we attempted extensive conformational search of
PROTAC-mediated ternary complex structures using enhanced conformational sampling methods.
Stable conformations were extracted from the molecular dynamics’ ensembles by constructing
Markov state models as their distribution profiles. These insights provided rational structure—
activity relationships for PROTACs through the protein-ligand interaction analysis and the

modeling of the ubiquitination system.
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Introduction

More than 90% of global sales in the current drug market involve conventional small-
molecule drugs.! Most small-molecule drugs have a high affinity for their targets and function by
occupying hydrophobic pockets, limiting the application of conventional modalities for proteins
with non-enzymatic functions, targets without hydrophobic pockets, and proteins with high affinity
for their substrates.?? Proteolysis-targeting chimeras (PROTACS) are a promising new class of
molecules that function via “event-driven pharmacology,” unlike the “occupancy-driven
pharmacology” of conventional small molecules.*’ PROTACs, which are heterobifunctional
small molecules, recruit E3 ubiquitin ligases to the target protein and induce its ubiquitination by
forming a ternary complex. Polyubiquitinated target proteins are degraded by the ubiquitin-
proteasome system (UPS). Target protein degradation (TPD) via PROTAC enables one to regulate
of “undruggable” target protein levels.?® Several PROTACSs have recently been designed for drug
development &1

During the formation of the ternary complex, the E3 ligand and warhead in the PROTAC
substructures bind to the E3 ligase and target protein, respectively. These ligands determine the
affinity of the PROTAC for proteins, and these substructures can be identified using approaches
similar to those used for traditional small-molecule drugs, such as virtual screening and high-
throughput screening.'® The linker, another substructure in PROTAC, connects the E3 ligand and
the warhead, and a suitable linker allows the formation of a productive ternary complex for
ubiquitination.!”*® In addition, the length and composition of the linker affect the positive
cooperative assembly of the ternary complex and the target selectivity.**-?! Despite the vital role
of the linker in PROTAC activity, the design of the linker is challenging because the combination

of ligands and the linker leads to optimal degradation.’
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Since TPD activity requires stable protein—protein interactions with the linker, modeling
ternary complexes accelerates PROTAC linker design.!®?! Using the structure—activity
relationships of PROTACs predicted from the modeled structures, the number of linker designs
can be reduced to accelerate the development of PROTACs. However, the existing structural
information on ternary complexes with PROTACSs is limited, and simulation-based modeling
methods are required. Michael et al. proposed four ensemble methods to predict ternary complexes
by combining protein—protein docking and linker conformation analysis.??> Rosetta-based
structural predictions have also been reported,?? successfully reproducing known ternary complex
crystal structures. Although other ternary complex predictions and Rosetta-based rescoring have
been reported,?*2® Schiemer et al. characterized an ensemble of BTK-PROTAC-CIAP1 ternary
complexes in solution using HSQC NMR, X-ray structural analysis, and computational
modeling.?” These results show that the target protein binds to E3 via PROTACSs and has multiple
conformations. This suggests that the linker's regulation of the ternary complex, proper lysine
recognition, and ubiquitin transfer affect the affinity and kinetics. Therefore, for rational PROTAC
linker design, predicting the ternary complex structure using only the known crystal structure, as
in previously reported methods, is insufficient.?® Consequently, a comprehensive search for stable
ternary complex structures and the distribution profiles between these structures is needed to
evaluate and understand the basis of PROTAC activity.

In this study, for three PROTACs with different linker lengths and degradation activities,
we investigate possible conformations of the PROTAC-mediated ternary complexes using the
hybrid conformational search?® based on the parallel cascade selection molecular dynamics (PaCS-
MD)?° and the outlier flooding method (OFLOOD).2*! Distribution profiles from the free-energy

landscape (FEL) and stable conformations at global/local minimum states were obtained on the
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basis of the Markov state model (MSM) of the sampled conformational subspace. An extensive
structural search of ternary complexes revealed multiple promising stable structures, providing
essential insights into the induction of ubiquitination and rational structure—activity relationships

for PROTAC .
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Materials and methods

System setup of PROTAC systems

This study involved the conformational search of VVon Hippel-Lindau tumor suppressor
(VHL)-second bromodomain of bromodomain-containing protein 4 (BRD4BP?)-PROTAC
systems. We used MZ1, MZ2, and MZ4, which induce BRD4BP? degradation mediated by VHL
and BRD4BP2 32 The E3 ligands and warheads of the three PROTACs had common structures,
while the linker length differed for each PROTAC (Figure 1 and Table 1). Column 3 in Table 1
shows the degradation activities of the PROTACs, which was experimentally estimated by Chan
et al.* While MZ1 with a medium linker length showed the best activity among the three
PROTACS, the activity of MZ2 with a long linker was lower than that of MZ1. Moreover, MZ4,
which had a short linker, exhibited the lowest activity among the PROTACSs. The 3D structure of
the ternary complex formed via MZ1 has been reported (Protein Data Bank [PDB] ID: 5T35);
however, complexes formed via MZ2 and MZ4 have not yet been reported.

A setup for molecular dynamics (MD) simulation of the PROTAC systems was developed.
First, an initial structure with a PROTAC extension was prepared. Based on the crystal structure
of MZ1, a model was generated by manually altering the dihedral angle of the linker substructure
to 180 degrees using GaussView,* as shown in Figure S1 in the Supporting Information. Next,
each initial model was placed in a rectangular box with a margin of 10 A from the proteins, and
the box was filled with water molecules. Na* and CI- ions were added to neutralize the system. The
force fields of the proteins and water molecules were set to the amber ff14SB and TIP3P model,
respectively.>** For the PROTACS, the restrained electrostatic potential procedure (RESP) was
employed to fit and convert the partial charges to reproduce the electrostatic potential, which was

calculated using Gaussian 16 Rev C.01.% The electrostatic potential was calculated at the HF/6-
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31G level using an extended PROTAC structure. The force fields of the PROTACSs were derived
using the general AMBER force field (GAFF).3” These system constructions were performed using
the antechamber and leap module of AmberTools20.%® Each prepared system was minimized for
10000 steps using the steepest descent algorithm. The minimized system was gradually heated to
300 K during a 100-ps NVT MD simulation with harmonic position restraints on the heavy solute
atoms (force constant, 10 kcal/mol/A?). After the NVT equilibration, the NPT MD simulation was
performed at 300 K and 1 bar for 800 ps with a gradual reduction in the position restraints from
10 kcal/mol/A? to 0 kcal/mol/A?. The constraint algorithm was set as the LINCS algorithm® to
increase time step of 2 fs. The velocity-rescaling thermostat and Berendsen barostat were set to
control the temperature and pressure, respectively.*** The version of GROMACS2021.5 was

used for all MD simulations in this study.**
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Figure 1. Common structure of PROTACs

Table 1. PROTAC information

PROTAC Linker length (n) pDCso PDB

MZ1 Medium (n = 3) 8.6 5T35
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MZ2 Long (n=4) 8.0 N.D.

MZ4 Short (n = 2) 7.0 N.D.

Hybrid conformational search based on PaCS-MD and OFLOOD

PaCS-MD is a rare-event sampling method without any extra bias in the MD simulation.?®
PaCS-MD repeats multiple MD simulations and selects restart structures for efficient
conformational sampling. Restarting structures were selected on the basis of the specified reaction
coordinates (RCs) of the MD trajectories. The sampling efficiency of PaCS-MD depends on the
selection of appropriate RCs. In previous studies using PaCS-MD, a wide variety of biomolecule
descriptors, such as the distance between two domains and the root mean square deviation (RMSD)
with respect to a known structure, were selected as RCs.2%%4" Additionally, the hybrid
conformational search?® based on the combination of PaCS-MD with OFLOOD enables the search
for a broad configurational space.*’*® The OFLOOD method detects outliers among the MD
trajectories based on the reaction coordinate space and resamples starting from these outliers.®
Similar to PaCS-MD, the sampling efficiency of OFLOOD depends on selecting of an appropriate
reaction coordinate space.*%>

This study used PaCS-MD and OFLOOD for each PROTAC system to perform the hybrid
conformational search. Our method was divided into two steps: PaCS-MD based on the Ca-RMSD
and OFLOOD. First, PaCS-MD was performed starting from the initial model with the setup. For
each cycle in PaCS-MD, 100-ps MD simulations were run in parallel with 10 conformations at
different initial velocities. After multiple MD simulations, the Ca-RMSD values with respect to
the crystal structure of VHL-MZ1-BRD4BP? (PDB ID: 5T35) of the snapshots were calculated,

and 10 snapshots with low Ca-RMSD values were selected as restart structures for the next cycle.
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This process was repeated for 100 times as the first step. Second, OFLOOD was performed based
on the MD trajectories obtained in the first step. Two RCs were selected for OFLOOD (Figure 2):
the distance between the centroids of VHL and BRD4BP?2 and the dihedral angle forming VHL and
BRD4BP2, The dihedral angle was defined using the Ca atom of Trp117 in VHL, centroid of VHL,
centroid of BRD4BP2 and Co atom of Arg423 in BRD48P2, Two Ca atoms were selected because
root-mean-square fluctuation (RMSF) of these residues was stable in the pre-conventional MD
simulation (Figure S2). In the OFLOOD cycle, starting from snapshots that were detected as
outliers using FlexDice,®* 100-ps MD simulations were run in parallel with 10 conformations at
different initial velocities. Note that outliers with a distance over 51 A were excluded from the
restart structures because these structures may dissociate proteins and PROTACs. The OFLOOD
cycle was repeated for 150 times. For each PROTAC system, the total computational time of the
hybrid conformational search was 250 ns.

A & £ B & A
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Ll WS comof VHL ol

j2]
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COM of BRD4BD2
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Figure 2. Reaction coordinates specified in OFLOOD
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A. Distance between the centroids of the proteins. B. Dihedral angle defined in the proteins.

VHL and BRD4B®? are colored in magenta and cyan, respectively.

Free-energy landscape construction based on the MSM

MSMs were constructed to evaluate the conformations of the PROTAC systems
quantitatively. The construction of MSMs enable one to calculate FELs of the sampled MD
trajectories.®® To construct reliable MSMs, the conformational resampling was performed using
the snapshots sampled by the hybrid conformational search. Specifically, multiple conformations
were selected from the grids on the distance-dihedral subspace searched by the present method,
which each grid was generated per 1 A and 15 degrees. Here, snapshots close to each grid were
selected as the initial structures of the conformational resampling. For the complex systems with
MZ1/2/4, 409/351/351 snapshots were selected as the initial structures of the additional MD
simulations. Subsequently, 50-ns conventional MD simulations were performed for each initial
structure, and snapshots were recorded per 100 ps. In summary, the total simulation time per
system was approximately 17.5-20.5 ps. After the conformational resampling through the
additional MD simulations, the snapshots were clustered into 100 microstates based on k-means
clustering. For these microstates, the transition matrix (Tj) was estimated by counting structural
transitions between microstates i and j. The lag time required to estimate the transition matrix was
set to 5 ns. Subsequently, a stationary distribution (zi) was generated from the transition matrix.
Finally, the FEL of microstate i was calculated as follows:

T

Fi == _kBTln

m]axnj (1)
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where ks and T are the Boltzmann constant and absolute temperature, respectively. The FEL to
quantitatively evaluate of the conformation of each PROTAC system is depicted based on the

calculated free energies. PYEMMA was used for the FEL construction.>®

Analysis of ternary complex structures

Stable ternary complex structures were extracted based on the FEL of each PROTAC
system. Complex structures at the global and local minimum states in the FEL were selected, and
their Ca-RMSD values were compared with those of the crystal structure with MZ1 (PDB ID:
5T35). A total of 100 structures around these minimum states were extracted to determine the
binding free energy using the generalized Born and surface area continuum solvation method
(MM/GBSA).>* We calculated the binding free energy for the PROTACs in VHL-BRD48P?
(AGEROTACY and protein—protein interactions without the PROTACS (AGEFL). The gmx_mmpbsa

tool was used for the binding free-energy calculations.>®
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Results

Hybrid conformational search based on PaCS-MD and OFLOOD

Figure 3 shows Co-RMSD profiles of structural transitions extracted by the PaCS-MD
simulations. The Ca-RMSD of each system versus cycle is shown in Fig. 3A. Note that for each
plot, the minimum Ca-RMSD value in each cycle was plotted in this figure. The complex
structures at cycles 0 (initial), 10, 20, and 100 in each system are shown in Fig. 3B-3D. All systems
showed RMSD values rapidly decreasing below 4 A within the 20 cycles. This rapid decrease was
attributable to the structural flexibility of these transition states, which are only joined by
PROTACSs and do not have protein—protein interactions. The details of the transition states in the
simulations are presented in Fig. S3. These structural transitions stagnate the interacting proteins,
and these systems have an RMSD of approximately 1 A. Although MZ1 and MZ4 showed a
monotonic decrease in RMSD until the 20-30th cycle, MZ2 showed two stalls from the 10-30th
cycle and above the 40th cycle during the PaCS-MD simulations. This corresponds to the linker

in MZ2 searching for a stable position during the first stall.
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Figure 3. Structure transition in the PaCS-MD simulations characterized by Ca-RMSD.

A. The minimum Ca-RMSD values versus the PaCS-MD cycles for the PROTAC systems. The
profiles of MZ1/2/4 are colored in red, yellow, and green, respectively. B-D. Structural transitions
of the ternary complexes for MZ1/2/4 during PaCS-MD cycles. The structures of VHL, BRD45P?,

and PROTAC are colored in magenta, cyan, and green, respectively.

For the further conformational search of the PROTACs, OFLOOD was subsequentially
performed based on the PaCS-MD trajectories. Figure S4 presents the extension of the subspace
searched by OFLOOD according to the cycle. After the 150 OFLOOD cycles, a broad
conformational subspace was searched for each system, allowing one to construct reliable MSMs
to calculate FELs. Figure 4 shows the FEL of each PROTAC system. The FEL of MZ1 had a
single global minimum state with multiple local minimum states. In contrast, the FEL of MZ2 also
had a single global minimum state with widely distributed multiple local minimum states. In the

FEL of MZ4, an area with a free energy value of less than 2 k7 was widespread, and two minimum
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regions were observed. These results indicated that MZ1 and MZ2 predominantly mediate a single

stable ternary complex structure, whereas MZ4 can mediate multiple stable structures.
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Figure 4. Free-energy landscapes of PROTAC systems.

The FEL of each PROTAC system mapped to each 2D space. The areas with high/low free-

energy values are highlighted in warm/cool colors.

Structural evaluation of stable conformations

Ternary complex structures at the global and local minimum states were extracted for each
PROTAC system. The whole complex structures and binding poses are shown in Figure 5 and S5,
respectively. Structural evaluation was performed based on RMSD and binding free-energy values
for each state, as shown in Table 2. For the system with MZ1, the global minimum state was picked
up at approximately [39.95, -105.73] in the FEL. This structure had a low Ca-RMSD (1.329 A)
with respect to the crystal structure. Moreover, the RMSD of the heavy atoms in MZ1 was 0.838
A. These results indicated that present method worked correctly to predict the ternary complex

structure as a global minimum state. The local minimum state of the MZ1 system was at
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approximately [35.92, -56.89]. This state had a higher Ca-RMSD (5.303 A) and PROTAC-RMSD
(1.911 A) than the global minimum state. This indicated that the local minimum state differed
significantly from the global minimum state and crystal structure. In addition, the binding free
energy (AG;F!,) in the proteins of the local minimum state was more than 12 kcal/mol inferior to
that of the global minimum state. Since this local minimum state showed a high free-energy value
in the FEL and inferior binding free energy between the proteins, this state was an unstable
conformation compared to the global minimum state, meaning that the global minimum state
existed predominantly as an MZ1-mediated ternary complex.

Next, the stable ternary complex structures with MZ2 were extracted. The global minimum
state was picked up at approximately [39.15, -106.12] in the FEL. This state had a low Ca-RMSD,
1.118 A, similar to the global minimum state in MZ1 and the crystal structure. The binding free
energy of the PROTAC was —98.45 + 5.33 kcal/mol, which is slightly inferior to that of the
global minimum state with MZ1. The local minimum state in MZ2 picked up at approximately
[41.69, -31.17] had a different conformation from the crystal structure and the global minimum
state in MZ2. This local minimum state showed no protein—protein interactions and had a hydrogen
bond between the linker and Arg69 in VHL. Actually, AGL]!, at the local minimum state of MZ2
was considerably inferior to that at the global minimum state; the value was —6.44 + 7.29
kcal/mol. These results indicated that the local minimum state in the MZ2 system was relatively
more unstable than the global minimum state. Consequently, the MZ2 system had a dominant
global minimum state, with a conformation similar to that of the crystal structure. Finally, the
ternary complexes with MZ4 were analyzed. Similar to MZ1 and MZ2, the global minimum state
was picked up at approximately [40.44, -88.08] and it was similar to the crystal structures; the Ca-

RMSD value was 1.537 A. On the other hand, the local minimum state was picked up
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approximately at [37.77, 48.81] and it differed from the crystal structure and the others. The local
minimum showed a larger RMSD value and a significantly shifted dihedral angle compared to the
global minimum state. However, this local minimum state had an affinity for proteins; the value
was —20.13 £ 9.59 kcal/mol. This affinity was equivalent to that of the global minimum state.
Electrostatic interactions are formed in the local minimum state. This indicated that the local
minimum state in the MZ4 system was as stable as the global minimum state. This distribution
profile in the MZ4 system is distinctive and unlike those in the MZ1 and MZ2 systems. 3D views
of the entire model and the binding sites of these ternary complex structures are provided in the

Supporting Information.

front
view

bottom
view

Figure 5. Ternary complex structures of the global and local minimum states in each system.
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VHL, BRD4BP2 and PROTACS are shown in magenta, cyan, and green, respectively. For each
PROTAC system, the complex structures at the global and local minimum states are shown as

opaque and semitransparent models, respectively.

Table 2. Details of ternary complex structures for the global/local minimum

PROTAC  Minimum Ca-RMSD AGEROTAC AGEE!

bind
with 5T35 [kcal/mol] [kcal/mol]
MZ1 Global 1.238 A —103.99 + 443 —25.74+5.91

[39.95, -105.73]
Local 5255 A —105.43 +5.64 —12.94+ 8.08

[35.92, -56.89]

MZ2 Global 1.118 A —98.45 + 5.33 —24.46 + 6.67
[39.15, -106.12]
Local 6.035 A —99.55 + 8.73 —6.44 + 7.29

[41.69, -31.17]

MZ4 Global 1537 A —100.49 +5.85 —25.42+ 7.72
[40.44, -88.08]
Local 11.376 A —99.47+780 —20.13+9.59

[37.77, 48.81]
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Discussion

Distribution profiles of PROTACs

The FELs and stable ternary complex structures of the three PROTAC systems were
obtained using our method (Figures 4 and 5). Quantitative evaluation of these stable conformations
enabled the estimation of their distribution profiles (Figure 4 and Table 2). The global minimum
state of the MZ1 system was dominant because its FEL had a funnel shape, and the binding free
energies were higher than those of the local minimum state. The MZ2 system also showed a
dominant global minimum state because this conformation was more stable than the others in the
system. Notably, despite the differences in the linker lengths of the PROTACSs, the whole
conformations of these global minimum states were similar (Figures 5, S5, and S6). The global
minimum state of the MZ4 system had a similar conformation to that of the dominant state in the
MZ1 and MZ2 systems. In addition, the local minimum state of the MZ4 system was as stable as
the global minimum state because of the equivalent free energy, as estimated by the FEL, and
binding free energy, based on MM/GBSA. In summary, PROTACs with extensive degradation
activity have a distribution profile with a common conformation similar to the crystal structure,

even if they show differences in linker length.

Structural analysis based on linker lengths

For the MZ1 and MZ2 systems, despite showing different linker lengths and degradation
activities, their distribution profiles were similar each other because the system had a dominant
stable conformation. Their most stable conformations were also similar (Figure 5 and Table 2). To

understand the structure—activity relationship of the MZ1 and MZ2 systems, a protein-ligand
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interaction fingerprint (PLIF) analysis of these conformations was performed. The PLIF tool,
which was implemented in the Molecular Operating Environment (MOE) software, represents the
interaction between a compound and each amino acid residue in a protein as a fingerprint bit,
according to its interaction type. One hundred snapshots around the global minimum in each FEL
were used for the PLIF analysis. Subsequently, a significance analysis was performed based on
the fingerprints obtained from the global minimum for each PROTAC system. Figure 6A shows a
fingerprint comparison of the global minimum states of MZ1 and MZ2. The findings indicated
that the contacts with His437, Glu438, and Val439 in BRD4BP? were specific to the global
minimum state for MZ1, and the contact with His110 in VHL was specific to the global minimum
state for MZ2 (Figures 6B and 6C). The difference in the interactions indicates that conformations
with MZ1 and MZ2 have a slight difference in the binding site, whereas the whole structures are
similar. These analyses indicated that the interfaces of the ternary complexes in the MZ1/2 systems
were different. In fact, in comparison with the global minimum conformation in the MZ1 system,
the target protein of the global minimum conformation in the MZ2 system was slightly shifted
(Figure S6, morphing movie in Supporting Information). Focusing on the conformation at the
global minimum state in the MZ1 system, the space around the linker was too small to place a long
linker such as that of MZ2. Consequently, the target protein at the global minimum state in the
MZ2 system was forced to shift such that its space could expand, even if the shift caused a loss of
interactions between the protein and PROTAC. This analysis suggests that the long linker length
in MZ2 causes a loss of affinity for the ternary complex (column 4 in Table 2) and decreases the

activity of the target degradation.
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Figure 6. Comparison of the global minimum states in the MZ1 and MZ2 systems.
A. Protein-ligand interaction fingerprints in the MZ1 and MZ2 systems. B-C. Binding poses of

the global minimum states in MZ1 and MZ2 systems.

Ubiquitin accessibility of the ternary complexes

MZ4, a PROTAC with a short linker, showed lower degradation activity than MZ1 and
MZ2, and our results showed that the distribution profile of the MZ4-mediated ternary complex
had multiple stable conformations. To analyze the functional differences between these

conformations, we modeled ubiquitination systems, including Elongin-B, Elongin-C, Cullin-2,
20
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RBX1, E2 ligase, and ubiquitin (Figure 7). The structures from PDB IDs 5T35, 5SN4W, 4P50,
and 1YIW were used to model the ubiquitination system (Figure 7A). Using this model, we
evaluated whether the MZ4-mediated formation of the ternary complex promoted ubiquitination.
The global minimum state with MZ1 and the local minimum state with MZ4 were aligned with
VHL in the ubiquitination model. Subsequently, the distance between the cysteine in the active
sites of the E2 ligase, which forms a thioester bond with ubiquitin, and the exposed lysine (K355,
K368, K445, and K456) in the target protein was calculated. For the global minimum state with
MZ1, the minimum distance between the cysteine and the exposed lysine was 34.2 A (Figure 7B).
In contrast, for the local minimum state with MZ4, the specific conformation in the MZ4 system,
the minimum distance was 73.3 A (Figure 7C). Thus, the ubiquitin accessibility of the local
minimum state in the MZ4 system is lower than that of the global minimum state in the MZ1
system and the others. Since PROTACs function as drugs by inducing the ubiquitination of the
target protein, a conformation with low ubiquitin accessibility is unsuitable for the ternary
complex structure induced by PROTACs. Thus, these results suggest that MZ4 has a low

degradation activity.
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A B MZ1 (global minimum state)
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PDB ID: 5N4W

Figure 7. Modeling of the ubiquitination system and alignment with the global/local minimum

state

A. Whole modeling structure consisting of Ub-Ubc12-Rbx1-Cul2-EloBC-VHL-BRD4E2, B,
Aligned model with the ubiquitination model and the global minimum state with MZ1. C.
Aligned model with the ubiquitination model and the local minimum state with MZ4. The

exposed-Lys are shown as red spheres.

Structure-activity relationships based on distribution profiles

The structure-activity relationships with PROTACs were revealed on the basis of the

distribution profiles of the ternary complexes. MZ1, the most promising inducer of the three
PROTACS, had an FEL with a large funnel. The structure at the global minimum state in the funnel

was similar to the crystal structure (PDB ID: 5T35). MZ2, which has lower activity than MZ1, had
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a conformation similar to that of the global minimum state of MZ1. However, the PLIF analysis
and structural comparison suggested that at the global minimum state with MZ2, the long linker
reduces the affinity of the ternary complex by shifting its conformation in comparison with the
global minimum state with MZ1. In other words, the low activity of MZ2 results in a long linker

that regulates ternary complex associations.

MZ4, which has the lowest activity among the three PROTACS, has an FEL with two large
funnels. Among the stable conformations in these funnels, one was similar to the global minima
of other PROTACSs and the other was MZ4-specific. According to structural evaluation using the
ubiquitination system, the MZ4-specific conformation was unfavorable for the ubiquitination of
the target protein. In summary, the low activity of MZ4 indicated that this anti-ubiquitinated
conformation was distributed to the same extent as the global minimum state. Schiemer et al.
reported that PROTAC-mediated target proteins and E3 bind flexibly to each other and form
multiple ensembles.?” Furthermore, Charlotte et al. revealed the cryo-EM structures of the VHL
Cullin 2 RING E3 ligase complexed with MZ1, Brd42P2 and mentioned that one or more specific
lysine residues must be favorably oriented to the catalytic site to promote highly specific and
efficient ubiquitination.*® Thus, exhaustive sampling in this study also suggests that proper linker
design not only increases the affinity of PROTACs but also stabilizes the specific conformations

that allow ubiquitination to proceed from among the multiple ensembles.

Conclusions

Although molecular insights into PROTAC activity are crucial for rational PROTAC

design, computational studies on these complex structures are limited. Thus, we attempted

23

https://doi.org/10.26434/chemrxiv-2024-gtvz9 ORCID: https://orcid.org/0000-0002-4727-7002 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-gtvz9
https://orcid.org/0000-0002-4727-7002
https://creativecommons.org/licenses/by-nc-nd/4.0/

extensive conformational search of PROTAC-mediated ternary complex structures using the
PaCS-MD and OFLOOD methods for three PROTACs with known degradation activities. The
FELs obtained from the MD ensembles characterized the stable conformations of the ternary
complex and their distribution profiles. While MZ1 and MZ2, which were PROTACs with medium
and long linker lengths, respectively, had a dominant conformation, MZ4, with a short linker
length, had multiple stable conformations. Detailed analysis of the MZ1 and MZ2 systems using
PLIF indicated that the low degradation activity of MZ2 was attributable to the long linker twisting
the ternary complex conformation and regulating these associations. In other words, the low
activity of MZ2 was derived from a long linker that regulated ternary complex associations.
Ubiquitination system modeling with MZ1 and MZ4 indicated that the MZ4-specific conformation
is an unfavorable state for ubiquitination of the target protein because the lysine residue in
BRD4B®? is far from the active site of ubiquitination. Hence, a high distribution of the specific
conformation of MZ4 can result in low degradation activity. In summary, the present extensive
conformational search and an understanding of the distribution profile can provide insights into

the structure—activity relationships of PROTACs.

Data and software availability

3D structures of the proteins were downloaded from the Protein Data Bank (PDB). We used
AmberTools20 and Gaussian 16 Rev B.01 for PROTAC preparation. AmberTools20 was used to
prepare the MD system. GROMACS 2021.5 was used as the MD engine. PyYEMMA was used to
estimate MSM. Gmx_MMPBSA was used to calculate binding free energy based on the

MM/GBSA method. PyMOL was used for visualization, Ca-RMSD calculation, and distance
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measurement. MOE (Chemical Computing Group, LLC) was used for PLIF analysis. Data of the

present study is available from the corresponding authors at a reasonable request.
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