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ABSTRACT: Linker design is a core task in Proteolysis Targeting Chimera (PROTAC) drug discovery, which influences ter-
nary complex formation for selective target protein degradation as well as physicochemical properties. However, it remains
challenging to accurately model the whole landscape towards the formation of ternary complex and understand the influ-
ence of linker rigidity/flexibility on each step in the working mechanism of PROTAC. To address this, we revisited a well-
established system of the VHL-based BET degrader MZ1 and also explored the likely ternary complex of ARV771 with en-
hanced MD simulation, which explains for the first time the plasticity and selectivity of BET degradation with VHL E3-ligase.
Regarding facile conformational change possibly induced by different linkers, the physics-driven modelling of ternary com-
plex was applied to confirm and propose a highly cooperative and potent BET degrader HL1 which was shown to preferen-
tially degrade BRD4 with a late onset of the hook-effect, similar to MZ1. A further novel PROTAC containing a semi-rigid
fully sp3 linker, HL1CON, was developed to potentially stabilize the MZ1-type ternary complex similarly to HL1 and im-
prove membrane permeability, but also appears to suffer from non-chameleonic hydrophobic collapse in different solutions
as well as in VHL binary complexes. This resulted in significant barriers for HL1CON to get into cell, bind with either recep-
tor and ultimately form cooperative and productive ternary complex. This study has demonstrated that rational PROTAC
linker design is a multi-task object and the rigidification strategy with redundant hydrophobicity does not necessarily bene-
fit degradation activity in our case. The comprehensive modelling of PROTACs in solution, binary complex and ternary com-
plex states based on physics could help us to understand its complicated behaviors and reduce the risk in structure-based
linker optimization.

Introduction

Proteolysis targeting chimeras (PROTACs) are molecules
which use a linker to conjugate two chemical probes together
(Figure 1), which separately recruit an E3 ubiquitin ligase
and a protein of interest (POI) to form the ternary complex.12
With such proximity, E3 recruits an E2 enzyme to transfer
ubiquitin tags onto the target protein in several catalytic
rounds before its recognition by the proteasome for induced
degradation.3 Over the past decade, PROTACs have become
one of the most promising therapeutic strategies in drug dis-
covery, with abundant cases of intracellular protein degrada-
tion having been reported so far and over 20 PROTAC candi-
dates being in clinical development.! Among these cases,

PROTACSs containing a Von Hippel-Lindau (VHL) binding war-
head as the E3 handle are commonly used, while the Bromo-
and Extra-Terminal domain (BET) family have become stand-
ard protein targets to test the potency of PROTAC bearing
various linkers and E3 probes, 4-12 and these are the focus of
this report.

We have reported the first crystallography of a ternary com-
plex induced by PROTAC MZ1 (Figure 1. b) which consists of
JQ1 (a standard pan-BET ligand), a PEG3 (polyethylene-
glycol-3) linker and VHO32 (a standard VHL ligand), which
recognises VHL and the BRD4:BD2 domain (part of BRD4 in
the BET family) with high cooperativity (Figure 1. b).1314 This
gave potent and preferential degradation of BRD4 in several
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cell lines, and downstream Myc depletion as well as cytotoxi-
city that is sensitive to BET knockout. This was followed by
reports of several other cooperative and non-cooperative
ternary complex structures from experiment-driven models
based on CRBN, cIAP E3-ligase and various POIs apart from
Bromodomain families.% 10. 12,23, 24 Arvinas have also reported
another pan-BET degrader, ARV771 (Figure 1. b), which pos-
sesses a shortened PEG2 linker and showed high degradation
potency and efficacy in vitro and in vivo studies.” Further at-
tempts to shorten linker length and folding conformation
failed to induce highly potent BET degradation, probably due
to an inability to adopt the necessary conformations for ter-
nary complex formation.61516 In contrast, other degraders
bearing longer linkers (e.g., MZ2 with a PEG4 linker, Figure 1.
b) still showed potent and BRD4-selective degradation.56
Based on the ternary complex structure of VHL-MZ1-
BRD4:BRD2, we have developed and reported several other
VHL-based BET degraders applying optimisation strategies of
macrocyclisation,!? fluorination,®8 amide-to-ester® and triva-
lency20 to improve PROTAC binding affinities, induced prox-
imities, and physiochemical properties.

In this work, we applied advanced molecular dynamics simu-
lations to build on the MZ1 ternary crystallography in solu-
tion and propose a likely ternary pose for ARV771, which
explains the linker-dependent plasticity and selectivity of
BRD4:BD2-PROTAC-VHL system. Confirmed by the physical
modelling, we have also designed two new BRD4-selective
degraders HL1 (1) and HL1CON (2) (Figure 1. b) respective-
ly with flexible hydrophilic and semi-rigid hydrophobic link-
ers, but which showed contrary behaviours of degradation
potency, ternary complex formation, and membrane permea-
bility. With further computation and NMR analysis, redundant
hydrophobic collapse of HL1CON was identified both in free
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solutions and when incorporated into VHL binary complexes,
which aligned with its lower binding affinities, lower coopera-
tivities and earlier onset of hook-effect compared to HL1 and
MZ1. Taken together, these data provide unique insights to
understand the PROTAC mechanism of widely reported BRD4
protein degradation based on VHL E3-ligase.

Results

Refinement of MZ1 ternary complex crystallography with
enhanced MD simulations

In the MZ1 ternary complex crystal structure (Figure 1. b),
the -C-C- and -C-0O- dihedral angles of the folded PEG3 linker
are not in the low energy conformations that would be ex-
pected based on the adjacent C-X bonds ie. the so-called
‘gauche effect’.1321.22 This discrepancy is likely due to the dom-
inance of strong protein-protein (linker) packing in this single
snapshot of the possible ternary structural ensembles.23 A
similar issue has been reported for dBET PROTACs utilising
CRBN E3-ligase,10 in which ternary contact in solution was
found to be much more diverse using hydrogen/deuterium
exchange mass spectrometry (HDX-MS).24

To further explore the conformational behaviour and dynam-
ics of the ternary ensembles, we therefore deployed molecular
dynamics simulations with multiple simulated annealing
(MSA) (Figure 2. a). The relaxation of aliphatic chains to
adopt gauche conformations was reported on a timescale of
200 nanoseconds by conventional MD at room temperature,22
which we confirmed, starting from the crystalline geometry,
but with no obvious conformational change of the whole com-
plex (SI Section_1.1). To enhance the sampling of complexes,
subsequent temperature heating (heating-accelerated pose
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Figure 1. a. The mechanism of PROTAC induced targeted protein degradation. b. The structures of ARV771, MZ1 and MZ2 as
representative BET PROTAC degraders from previous reports, together with HL1 and HL1CON designed and investigated in
this study. c. The ternary crystal structure of MZ1 (green) with BRD4:BD2 (orange) and VHL (blue) (PDB: 5T35). Notably, the
-C-C- torsional angles on PEG3 linker in MZ1 crystal are not folded under ideal gauche states (i.e., 17.6, -38.4 and -124.2 de-

grees against ~60 degree).

https://doi.org/10.26434/chemrxiv-2024-5dbnb ORCID: https://orcid.org/0000-0001-9671-9009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-5dbnb
https://orcid.org/0000-0001-9671-9009
https://creativecommons.org/licenses/by-nc/4.0/

change, HAPOC)26 and multiple simulated annealing (MD-
MSA) were applied (SI Section_1.2-1.4), followed by cluster-
ing, local descent minimisations and final scoring with Molec-
ular Mechanics Poisson-Boltzmann surface area (MMPBSA)
for five equilibrated trajectories. This afforded stable snap-
shots of the BRD4:BD2-MZ1-VHL ternary complex (Figure 2.
b and SI Section_2) which also showed more reasonable
gauche conformations of the linker -C-C- bonds. Aligning the
VHL components of each minimised snapshot shows that the
position of BRD4:BD2 component is rather flexible in the ter-
nary complex ensemble (Figure 2. b). Notably, the biaryl moi-
ety of VHO32 warhead detached from the HIF binding surface
of VHL in one of the minimised snapshots of the ternary com-
plex. This is similar to observations in recent reports of
BRD4:BD1-VHL ternary crystal structures for VH032-based
PROTAC degraders, which increases our confidence that simu-
lations could reproduce experimental behaviours.27.28
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Figure 2. a. The scheme of multiple simulated annealing
(MSA) after classic 200 ns MD relaxation and HAPOC for
enhanced sampling of ternary complex poses (OPLS-AA,
BRD4:BD2 backbone restrained). b. The top 5 stable ter-
nary complex snapshots for MZ1 (VHL-aligned, blue)
based on MD-MSA sampling, minimisations and scoring
with MMPBSA.

The linker-dependent ternary complex plasticity

The MD-MSA approach also captured the event of significant
conformational transition (upper, Figure 3. a) and revealed a
cluster with new contacts between the BRD4:BD2 aZ’ moiety
and VHL -domain L7 loop (lower purple, Figure 3. a) while
the original interaction between BRD4:BD2 aZ” region and
VHL B-domain S4 sheet was lost. According to MMPBSA scor-
ing of overall stability (SI Section_2), this new cluster appears

to be a transient local minimum for MZ1 ternary complexes.
The identification of such a conformational transition in solu-
tion demonstrates that our MD-MSA approach based on crys-
tallography could provide additional insight compared to
those widely reported (semi)rigid protein-protein docking
workflows derived from Monte-Carlo approaches (e.g, MOE,
RosettaDock, PRosettaC, FRODOCK and ‘half-linker’ FFT) for
efficient search of ternary complex poses often starting from
random poses with separate restraints by linker conforma-
tional space.29-34

In this new MD-derived cluster, the PEG3 linker adopted more
extended conformations (Figure 3. a) rather than the col-
lapsed state found by crystallography and conventional MD
relaxations (Figure 2. b). These ternary poses also showed
different protein-protein interfaces that might be more suita-
ble for incorporating ARV771 with its shorter linker,” which
is also suggested by our recent biophysical and mutation stud-
ies showing that ARV771 should have native poses different
from MZ1.1935 To test this, we replaced MZ1 in the local min-
imum of ternary complex with ARV771 and ran five replicates
of 200 ns simulation (SI Section_3). Most trajectories con-
verged to structures which maintained the new contact be-
tween BRD4:BD2 and VHL, and all poses had very similar
PROTAC conformations to each other (lower left, Figure 3. b).
Further MMPBSA scoring (SI Section_4) confirmed the high
stability of main clusters which are almost identical in geome-
try. Moreover, all dihedral angles on the PPG2 linker of
ARV771 were seen to relax into reasonable conformational
states in the ternary complex ensemble. For example, in the
most stable snapshot scored by MMPBSA (lower, Figure 3. b),
the PPG2 linker conformation adopted an antiperiplanar-
gauche-antiperiplanar-antiperiplanar (ap-g-ap-ap) confor-
mation for dihedral angles of the central propylene bonds
from the JQ1 to VHO032 end of the linker. This model is con-
sistent with a stable conformation predicted by ab initio calcu-
lations of the parent 1,3-dimethoxypropane fragment.36.37

In addition to the difference in conformation between the
MZ1 and ARV771 linkers (Figure 3. c), the VHL-based align-
ment of different states also suggested a possible repulsion
between the extra methyl group in ARV771 (‘R’ in Figure 1.
b) and the backbone amide of LEU-385 on BRD4:BD2. Never-
theless, our previous study indicated that the ARV771 ana-
logue without such methyl substitution on VHO032 still
showed pan-BET degradation activities,!? indicating that it is
the difference of linker rather than the ‘R’ group on VH032
warhead that affects the ternary complex plasticity of two
PROTACsS in this case.
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Figure 3. a. A local minimum of MZ1 ternary complex was
sampled by MD-MSA starting from crystallography. b. The
ternary complex for ARV771 was modelled and relaxed
from MZ1 local minima (5*200 ns simulations). Five most
stable poses for ARV771 scored by MMPBSA are highly
aligned (upper); The best scored snapshot for ARV771
was shown with reasonable linker conformation and in-
duced PPIs (lower). c. The overlay of crystal structure of
MZ1 (green stick with BRD4:BD2 in orange), MZ1 local
minima (purple stick with BRD4:BD2 in magenta) and
ARV771 (yellow stick with BRD4:BD2 in pink) in their
ternary complexes with VHL (blue).

The theoretical pose of ARV771 supported by its pan-BET
degradation selectivity

In the most stable complex modelled for ARV771 (Figure 3.b
and SI Section_5), we observed a new hydrophobic interac-
tion between W374 (BRD4:BD2 aZ’) and V142 (VHL (3-domain
L7) as well as the formation of two new salt bridges: K378

(BRD4:BD2 ZA loop) with D143 (VHL B-domain L7) and R69
(VHL B-domain L1) with D436 (BRD4:BD2 aC). Compared to
the MZ1 native poses (upper, Figure 4), the two salt-bridges
between R107/R108 (VHL S4) and E383 (BRD4:BD2 aZ”)
were lost while the salt-bridge between R69 and E438 is pre-
served (lower, Figure 3. b). Notably, R107 also forms new
electrostatic interactions with the thiazole moiety in poses for
ARV771 (lower, Figure 4), which we attribute to the lost in-
teraction with E383 (BRD4:BD2 oZ”) from MZ1 native poses
(upper, Figure 4). We hypothesise, the extra methyl group
(‘R) on ARV771, also facilitate this new interaction for better
VHL binding affinity and indirectly contributes to distinct ter-
nary complex formation by avoiding a steric clash with
BRD4:BD2 in the original position led by MZ1 (Figure 3 c).1°

The theoretical model for ARV771 is validated by BET se-
quence comparison. The BD2 domains in both BRD2 and
BRD3 share corresponding residues required for the interac-
tions with VHL according to the model (marked in green in
Figure 4). This could explain the pan-BET degradation activi-
ties observed for ARV771. Moreover, the ARV771 ternary
model has the P71 (VHL (-domain S1, Figure 3. b) shielded
under the JQ1 warhead, which is different from the original
hydrophobic interaction between P71 and W374 as indicated
from MZ1 ternary crystallography and MD-MSA refinements
(SI Section_5). This is in line with our recent study focusing
on P71 mutation,3> which reduced BRD4 degradation activity
of MZ1 but not ARV771.
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Figure 4. The salt-bridge interactions between BRD4:BD2
aZ” and VHL B-domain S4, indicated by MZ1 crystallog-
raphy (upper left) and a snapshot from MD-MSA minimisa-
tions (upper right). Such contact between BRD4:BD2 aZ”
and VHL S4 does not exist in the simulated poses for
ARV771 (lower). We highlighted all specific protein-
protein interactions in the theoretical pose for BRD4:BD2
(magenta)-ARV771 (yellow)-VHL (blue). The homology
sequence alignment based on such model explained pan-
BET degradation selectivity for ARV771.
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MZ2 ternary complex dissociation insight from MD-MSA

We next explored MD-MSA minimisations for the ternary
complex formed by alternative PROTAC MZ2 with PEG4 link-
er, again starting from the protein positions in crystallograph-
ic geometry for MZ1 ternary complex.25 Herein, we observed
facile dissociation of the VH032 warhead from the corre-
sponding HIF pocket on VHL B-domain, while its JQ1 warhead
remained bound to the BRD4:BD2 domain (SI Section_2).
We suggest that this simulated behaviour observed for MZ2,
which is supported by ternary complex formation experi-
ments reported from our group previously,!314 is due to the
labile collapse of long PEG4 linker onto BRD4:BD2 surface.
This contrasts with the MZ1 ternary complex which remained
associated in our MD-MSA workflow, although two recent
theoretical studies respectively based on steered MD (SMD)22
and t-Random Accelerated MD (t-RAMD)55 suggested there is
a possibility for MZ1 to stay on the surface of VHL E3-ligase
after BRD4:BD2 dissociation even though BRD4:BD2 is rather
tightly bound by the highly affinitive JQ1 warhead. Given the
different stabilities between ternary complexes of MZ1 and
MZ2 according to computational modelling, we were interest-
ed in rationally designing and synthesising novel linkers for
optimizing VHL-based BET PROTACs with improved proximi-
ty, permeability and potency for BRD4-selective degradation.
Furthermore, enhanced simulations of ternary complex would
be helpful to check the possibility of conformational change
induced by different linkers in design process, as warned by
cases between ARV771 and MZ1.

Structure-guided linker optimisation and rigidification
with precise conformational control

To reduce strain in the ternary complex due to high energy
conformations of the bound PROTAC linker, we elongated the
linker in MZ1 from PEG3 to PPG3 to afford the design of HL1
(Figure 5 a). The PPG3 chain was expected to reduce the
strained gauche effects of -C-C- dihedrals in PEG3 linker, and
this hypothesis was supported by MD-MSA simulation and
MMPBSA scoring of HL1 linker-modified ternary complex
after relaxation, which suggested a stronger induced PPIs
contribution rather than PROTAC binding contribution to the
overall stability of system (Figure 5 b).

Notably, the PPG3 linker was simulated to adopt ap states for
all its -C-O- dihedrals according to minimised MD snapshots of
HL1 ternary complex with OPLS force-field (Figure 6 c and SI
Section_2), while its -C-C- dihedrals adopted g states. This
was in line with previous conformational analysis of parent
1,3-dimethoxypropane, of which ab initio calculations sug-
gested these are the optimal arrangements in free-state.3637
We also incorporated -gem-dimethyl substitutions into the
PPG3 linker, giving rise to the design of HL1CON, to explore
the effect of rigidifying linker conformation (design details in
SI Section_6). Under MD-MSA simulations and minimizations,
HL1CON was computed to retain the stability of the MZ1-type
ternary complex similarly to HL1 (Figure 5 b), although the
modelling also suggested that the intramolecular hydrophobic
collapse of HL1CON ligand were observed in its complex
(Figure 5 c). This phenomenon even appeared at the HAPOC
heating stage prior to annealing relaxations and minimisa-
tions (Figure 5 d), according to the RMSD analysis of ligand
aligned in corresponding complex.

Besides ligand collapse, no other new pose of ternary complex
for HL1 and HL1CON was sampled by our MD-MSA approach
starting from linker-modified MZ1 crystallography. This con-
trasted with the case of MZ1 which displayed a different pose
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Figure 5 a. The structures of HL1 and HL1CON were de-
signed by using PPG3 linkers with proper length between
PEG3 of MZ1 and PEG4 of MZ2. b. The scores of top 5 sta-
ble snapshots of ternary complex for HL1 and HL1CON,
predicted by MD-MSA minimization and MMPBSA, in com-
parison with MZ1, MZ2 and ARV771. *ARV771 adopt pos-
es different from other PROTACs. **MZ2 scores exclude
cases of dissociation. c. The best scored snapshot for HL1
(left) and HL1CON (right) in corresponding ternary com-
plex, both of which approach MZ1-type. In addition to rea-
sonable dihedral angles in both cases (yellow), HL1CON
ligand also showed internal hydrophobic collapse (close
contacts highlighted by red dashed lines) when fold within
the complex. d. According to ligand RMSD analysis, the hy-
drophobic collapse of HL1CON in its complex was found to
arise even at the heating stage prior to annealing.
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that was more suitable for ARV771. We therefore hypothesise
that HL1 and HL1CON with linkers longer than the PEG3 in
MZ1 could take on a productive pose for BRD4:BD2 recruit-
ment and BRD4 selective degradation among BET family.

Linker synthesis and conformational analysis

To test our predictions made by simulation, HL1 and HL1CON
were taken forward to synthesis (SI Section_7), based on four
linker models 3, 5, 7 and 9 (Figure 6 a). We investigated the
native conformations of these linkers in solution using 3Jcu
NMR scalar coupling constants around the corresponding
dihedral angles in both chloroform and DMSO (SI Sec-
tion_7).3839 Pleasingly, these experimental data reproduced
computed ensembles for these molecules based on unre-
strained Monte-Carlo conformational search (MMFFs/GBSA,
MacroModel), extensive DFT minimisations (B3LYP(D3)/6-
311+G**/IEFPCM, Figure 6 a) and subsequent GIAO calcula-
tions (wb97xd/6-311G**, Figure 6 b).40-4365 The population
analysis of the PPG3 chains in these NMR-validated conforma-
tional ensembles confirmed the design principles of HL1CON,
with its -C-O- dihedral angles biased toward ap or ac states by
the steric effect of B-gem-dimethyl substitutions (Figure 6 b
and SI Section_8). Meanwhile, for each -C-C- dihedral angle
regardless of 3-gem-dimethyl substitution, the g state was
slightly preferred over the ap state, probably attributed to a
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balance between hyperconjugation/anomeric effects and elec-
trostatic repulsion between oxygens (SI Section_9). Notably,
several intramolecular hydrogen bonding (IMHB), C-H m-
stacking and lipophilic interactions between the linker termini
were observed by DFT minimisations in solution (Figure 6 a).
This could indicate the ‘chameleonicity’ of PROTACs potential-
ly based on these linkers. Further MD simulation and potential
of mean-force (PMF) analysis in explicit water (OPLS-AA with
TIP3P) suggested the rotation of -C-C- dihedral is also kinet-
ically inhibited by the [-gem-dimethyl substitution, as de-
signed for HL1CON (SI Section_10). Taken together, this con-
formational analysis of the isolated linkers supported
HL1CON, with B-gem-dimethyl substitutions on the PPG3
linker, as an attractive design to rigidify HL1 and was ideally
to stabilize the bioactive conformation in the ternary complex
with BRD4:BD2 and VHL.

Contrary BRD4 degradation activities, binding affinities,
cooperativities and caco-2 permeabilities between HL1
and HL1CON

The amide conjugation of JQ1 and VH032 warheads to linkers
7 and 9 afforded HL1 and HL1CON (SI Section_11). Together
with MZ1 and MZ2, these BET-targeting PROTACs were ana-
lysed using western blotting in HeLa and HEK293 cells (Fig-
ure 7 a). HL1 (BRD4(s) DCso = 6.7-11 nM) was found to be a
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Figure 6. a. The conformational ensemble for 3, 5, 7 and 9 respectively in chloroform (green, global minimum in stick) and
DMSO (yellow, global minimum in stick). b. The scalar coupling constants 3Jcu extracted from IPAP-HSQMBC were used to
validate dihedral angles in MCMM-DFT computational ensembles of four PPG3 chains in solution (B3LYP(D3)/6-
311+G**/IEFPCM). The modelling and NMR analysis confirmed stronger ap conformational control on the -C-0- dihedral by
the B-gem-dimethyl substitution and weak g preference for the -C-C- dihedrals in both substituted and unsubstituted sub-
strates. These solution-state linker analysis are in line with bioactive conformations of HL1 and HL1CON predicted by MD-

MSA minimisations.
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similarly potent BET degrader to MZ1 (BRD4(s) DCso = 10-22
nM) while HL1CON showed a lower potency (BRD4(s) DCso =
60-100 nM). HL1CON also showed the earliest onset ‘hook-
effect’ at 10 uM among the four candidates (SI Section_12) -
the concentration-activity phenomenon of a three-body sys-
tem that manifests via the competitive formation of interme-
diate binary complexes intracellularly when PROTAC concen-
trations substantially exceed the two protein concentra-
tions.4445 All four VHL-based degraders showed moderate
selectivity of BRD4 over BRD2 and BRD3 in the BET family
(Figure 7 a), in line with the observation from MD-MSA mod-
elling showing that HL1 and HL1CON have comparable bind-
ing modes to MZ1 and MZ2, but differ from the non-selective
ARV771. Furthermore, HiBiT-BRD4 degradation in HEK293
cells (upper, Figure 7 b) confirmed the trend of degradation
potency (HL1 = MZ1 > MZ2 >> HL1CON). Although HL1CON
(HiBiT BRD4 DCso = 441 nM) is not as potent as three other
degraders, good efficacy (Dmax > 95%) could still be achieved
at relatively high concentration. The BET-sensitive MV-4-11
cell viability for the four degraders (lower, Figure 7 b) found
that HL1 showed superior cytotoxicity (ECso = 0.9 nM, Emax =
97%) compared to MZ1 (ECso = 0.7 nM, Emax = 94%) while
both MZ2 and HL1CON induce far less apoptosis except at
high dose.

The following AlphaLISA (alisa) assessment of binding affini-
ties to the BRD4:BD2 receptor (Figure 7 c¢ and SI Sec-
tion_13)46 found that MZ1 was strongest (Ka = 9.3 nM), fol-
lowed by MZ2 and HL1 (K4 = 56.1 nM and 57 nM respective-
ly), whereas HL1CON (Kd = 549 nM) showed the weakest
binding affinity. We then measured their binary binding affini-
ties with the E3-ligase using fluorescence polarisation (FP)
assay (SI section 13).1419 Once again HL1 (VCB K4 = 248 nM)
and MZ2 (VCB K4 = 223 nM) showed modest decay compared
to MZ1 (VCB Ka = 95 nM), with HL1CON (VCB K4 = 1679 nM)
having a significantly lower binding affinity.

The efficiencies in ternary complex formation (ICso and a =
binary ICso / ternary ICso, Figure 7 d) for each PROTAC
showed that HL1 has highly positive cooperativity (o = 41
from alisa, 52 from FP) comparable to MZ1 (a = 32 from alisa,
39 from FP) and MZ2 (a = 27 from alisa, 31 from FP), while
HL1CON showed the lowest cooperativity (a = 14 from alisa,
3 from FP) in the series. This ranking of cooperativities meas-
ured from aLISA and FP assays is consistent with cellular deg-
radation potency (i.e, HL1 ~ MZ1 > MZ2 > HL1CON), sug-
gesting the importance of PROTAC-mediated recognition be-
tween BRD4:BD2 and VHL E3-ligase for efficient BRD4 degra-
dation in the system of this study.

a.
MZ1 HL1 HL1CON MZ2
Cell BET
] } DCso DCso DCso DCso
Lines family
(nM) (nM) (nM) (nM)
BRD2 49 41 131 171
HEK293
BRD3 46 20 96 93
(N=2)
BRD4(S) 10 6.7 60 20
BRD2 39 63 118 365
Hela BRD3 82 49 111 640
(N=1)
BRD4(S) 22 11 100 89

b.
5H Treatment, HiBiT-Brd4 HEK293 Cells
DCso(nM)  Dpax (%)
100 - MZ1 44 >99
- MZ2 149 a5
o - HL1 51 >99
7]
= -+ HL1Con 441 9%
ﬁ= 50+
12 -I4
log[compound]
24H Cell Viability, MV4;11 Cells
ECs5 (nM) Emax (%)
1004 - Mz 07 | o
= Mz2 54 |92
o — HL1 09 | o7
2 v HL1Con 316 |99
Qe 50
i 12 -I4
log[compound]
C.
BRD4:BD2 (alLisa) VCB (FP)
binary Ka / nM binary Ka / nM
Mz1 \ 9 95
HL1 ‘ 57 248
HLI1CON ‘ 549 1679
Mz2 \ 56 223
d.
4BD2 4BD2 VCB VCB
(alisa)  +VCB (FP) +4BD2
[Cso/nM  ICso/nM % ICso/nM  ICso/nM ¢
MZ1 93 2.9 32 570 15 39
HL1 ‘ 287 72 41| 9400 180 52
HL1CON ‘ 3712 257 14 11000 4000 3
MZ2 ‘ 168 6.3 27 4400 140 31

Figure 7. a. The BET degradation selectivity and potency
of MZ1, HL1, HL1CON and MZ2 (western-blot analysis, 6
hours). b. The analysis of endogenously HiBiT tagged
BRD4 degradation in HEK293 cells (up) (N = 2). The MV4-
11 cytotoxicity of four BRD4-selective PROTACs (down)
(N = 2). ¢. The PROTAC binary binding affinities with
BRD4:BD2 from AlphaLisa assay and with VCB from FP
assay. d. The binary and ternary binding efficiency (ICso)
and derived cooperativities. *The measurement of ternary
Kd < 2 nM was found highly sensitive to assay conditions.
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Interestingly, for strong binding PROTACs HL1, MZ1 and
MZ2, there is a good correlation between the AHppi term of
total MMPBSA scores of MD-MSA minimised ternary complex
snapshots and the cooperativities measured from alLisa/FP
experiments (Figure 8). This is in line with the report from Li
et al.,25 highlighting the importance of induced protein-protein
interactions for PROTAC cooperativity and ternary complex
stability. Moreover, according to the analysis of heating stage
in MD-MSA workflow (Figure 5. d), HL1CON had both the
least cooperativity and the lowest temperature (< 380 K) that
could tolerate the ligand collapse and departure from the na-
tive ternary complex, which support the previous HAPOD
study.26é
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Figure 8. The correlation between experimental coopera-
tivities and MMPBSA-calculated AHppr scores of MD-MSA
minimised stable snapshots for strong binding PROTACs
under similar poses of ternary complex. **MZ2 scores
exclude those cases of dissociation.

We then characterized chromologD, solubility and bi-
directional caco-2 cell permeabilities for MZ1, HL1 and
HL1CON (Table 9 and SI Section_15). Both MZ1 and HL1
displayed positive physicochemical properties (chromologD ~
3.25; medium to high kinetic solubilities around 30-60; de-
tectable bi-directional permeability coefficient (Papp) despite
relatively high efflux ratio (ER > 12)).49 Pleasingly, HL1 bear-
ing the PPG3 linker showed slightly improved Papp and ER
compared to MZ1 bearing PEG3, suggesting the limited in-
crease in number of methylene units can benefit cell permea-
bility while not impairing solubility in this case. Unfortunately,
further increasing hydrophobic character appears to be det-
rimental, with HL1CON having high lipophilicity (cLogD =
4.73), poor kinetic solubility (< 10) and a permeability that
was below the experimental limit of detection.

Hence, HL1's comparable BRD4 selective degradation effi-
ciency to MZ1 might be attributed to its better permeability
combined with equally high cooperativity for the BD2 domain
of BRD4. For HL1CON with redundant hydrophobicity against
permeability, its early onset of the hook-effect seems to be
less relevant to the permeability since HL1CON could not
penetrate and build-up intracellular concentration efficient-
ly,19 but more correlated with its intrinsic low cooperativity
(i-e., binary complex formation is competitive with the for-
mation of ternary complex).

Table 9. The summary of in vitro DMPK parameters for
MZ1, HL1 and HL1CON with different linkers.

Kinetic Caco-2 Caco-2
cLogDa . A2B B2A ERd
solubility? (Rec.) (Rec.)
0.37 6.93
MZ1 3.17 68.08 18.9
(93%) (92%)
0.58 7.35
HL1 3.38 30.69 12.7
(79%) (106%)
*BLD 0.13
HL1 4.73 7.83 N/A
CON (14%) (20%)

achromatographic logD7.4, determined by HPLC method.? 1 h
read at 620 nm for solubilities in uM DPBS pH=7.4. <Permea-
bility/10-6 cms-1 (recovery ratio) dEfflux ratio. *BLD = Below
limit of detection.

HL1CON suffers from severe hydrophobic collapse in all
solutions which against ‘chameleonicity’

To further rationalise the lower binding affinities, cooperativi-
ties and permeabilities of HL1CON, we examined the pre-
ferred conformational space of PROTACs in solution. Kihiberg
and co-workers have applied the NMR-based NAMFIS ap-
proach for conformational elucidations of several cell perme-
able PROTACs beyond rule of five (bRo5) which are able to
fold chameleonically depending on solvation environ-
ments.5051 They suggested that the PROTAC permeability
benefit from IMHBs and reduced polar surface area (PSA)
under a compact conformation also indicated by low radius of
gyration (Rgyr). This was followed by the hydrophobic collapse
study of MZ1 from AstraZeneca according to NMR and MD
simulations in explicit solvents.22

Following previous linker conformational analysis, we then
explored the conformational space of MZ1, HL1 and HL1CON
with unrestrained Monte-Carlo search (OPLS/GBSA, Macro-
Model) and affordable DFT-level energy minimisations
(wB97MD3bj/def2-TZVP//B3LYPD3/6-31G*/PCM). The low-
energy ensembles of conformers were validated by experi-
mental rotating-frame nuclear Overhauser enhancement
(rOe), based on methods previously reported in our group. 41-
4352-54 These studies were conducted in chloroform (e = 4.8)
and DMSO (& = 47) to approximate polarities of lipid bilayer
interior (€ = 3.0) and aqueous solution (& = 80) respectively.50

For both HL1 and HL1CON, solution ensembles were predict-
ed to be dominated by a small number of clustered and mini-
mized geometries (Figure 10 a in chloroform; b in DMSO0) and
they were supported by comparison of their Boltzmann-
averaged rOe-distances with the experimental rOe measure-
ments (Figure 10 c). Frustratingly, severe overlap in the NMR
spectra of MZ1 prevented the extraction of sufficient rOe data
for validating its computed ensembles, hence MZ1 folding was
not concluded in this study.

The analysis of conformational ensembles for HL1CON indi-
cated it has generally more IMHBs, lower PSA and lower Rgyr
than HL1 in both chloroform and DMSO solutions (SI Sec-
tion_15 & Section_16). We also noticed that HL1CON showed
more rOe between its JQ1 and VH032 warheads in relatively
polar DMSO solution, suggesting it might suffer from hydro-
phobic collapse likewise in aqueous solution. This was tested
by further conformational sampling and DFT minimisations in
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water, which showed the same global minimum conformation
as calculated in DMSO (Figure 10 d & SI Section_16). Due to
insolubility in aqueous solutions, experimental validation was
obtained by the addition of 25% water to DMSO solutions of
HL1CON. This showed several rOe among hydrophobic tButyl
and methyl groups (upper, Figure 10 d). Specifically, the rOe
signal C (5.5 A) between two terminal methyl groups on the
2D structure of HL1CON was clearly seen in the mixture solu-
tion (SI Section_16). In contrast, theoretical ensembles of
HL1 in both pure DMSO and pure water showed less compact
folding (mean 3D-PSA > 160 A, Rgyr up to 6.0, SI Section_16),
suggesting HL1 is prone to have more diverse conformations
than those highly populated collapse states for HL1CON. The
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addition of water into DMSO mixtures also enhances hydro-
phobic collapse, shown from the reduction of rOe distance in
each PROTAC case (Figure 10 d & SI Section_16).

Hence, we hypothesize that strong lipophilic collapse should
negatively influences PROTAC cell permeability, and it does
not appear to support ‘chameleonicity’ theory whereby the
ability to adopt multiple conformations would be expected to
allow both membrane penetration and aqueous solubility.
Instead, for HL1CON as the example in this study, its intensive
self-collapse does not drive such molecule to get into water-
phase or leave membrane, which was indicated by the low-
recovery ratios from bi-directional caco-2 assay (Table 9).

A NS
2 57

48% (DFT 0.00 kJ/mol) 43% (DFT 0.27 kJ/mol)

8% (DFT 4.46 kJ/mol)

HLICDH

el Y

S Bk

15% (DFT 2.41 k)/mol) 14% (DFT 2.52 k)/mol)

https://doi.org/10.26434/chemrxiv-2024-5dbnb ORCID: https://orcid.org/0000-0001-9671-9009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-5dbnb
https://orcid.org/0000-0001-9671-9009
https://creativecommons.org/licenses/by-nc/4.0/

C.
6.5
5.5 K
; 4.5 réa Lk me
e £
%’ 3.5 H B ’ E ;D £ ’
O | %)
2.5 mE ° £ o A
1.5
1.5 2.5 3.5 4.5 5.5 6.5
cal.roe/A
HL1_CHCL3 EHL1CON_CHCL3 HL1_DMSO HL1CON_DMSO
d.
Me-Me rOe ref
32 hiDFT)
’ =1
' |
A
r
(J ol
PROTAC e C D0 DMS04s
MZ1 564 65% 35%
MZ1 584 50% 50%
HL1 584 50% 50%
HL1 644 25% 75%
HL1CON 554 2505 75%
MZ2 57 A 50% 50%

Figure 10. a. The calculated MCMM-DFT solution ensem-
bles for both HL1 and HL1CON respectively in chloroform;
b. in DMSO. (wB97MD3BJ/def2-TZVP//B3LYPD3/6-
31G*/PCM). c. The Boltzmann-averaged rOe distances
calculated for above ensembles were validated by experi-
ments (2D-ROESY, 500 MHz). d. The global minimum con-
formation calculated for HL1CON in water is identical to
DMSO state, labelled with main experimental rOe observed
in the mixture. Further 1D-selective-rOe measurements in
DMSO/water mixtures supported such specific hydropho-
bic collapse state for HL1CON. This behaviour is different
from other PROTACs with hydrophilic and flexible linkers.

Having computed the preferred equilibrium minima states for
the hydrophilic and permeable HL1 with MC-DFT modelling,
we explored its kinetic behaviors using MD in explicit water
(Figure 11 & SI Section_16) and compared it to MZ1. During
each unbiased 2 us simulation at 300 K (OPLS with initial ge-
ometries from DFT-calculated global minima), the MZ1 with
shorter PEG3 linker remained in relatively discrete U-shaped
local minima for hundreds of nanoseconds at a time, which
reproduce the phenomenon reported by a previous simula-
tion based on the GAFF force-field.22 In contrast, the HL1
bearing longer PPG3 linker, rapidly oscillated on a short time-
scale (< 10 ns) among many distinct states after an initial pe-
riod of equilibration. We hypothesize the kinetic behavior of
MZ1 in solution may facilitate its binary binding process un-
der less entropic penalty as reported in other PROTAC sys-
tems,62 with the converse true of HL1. This is supported by
further simulation results of the more flexible MZ2 (SI Sec-
tion_16). Notably, we observed frequent transitions of
opened conformations (Rgyr > 0.8 nm) for these flexible and
hydrophilic PROTACs in water, indicating possible pathways
toward POI/E3 engagement feasibly.
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Figure 11. The top 3 major clustered geometries of hy-
drophilic MZ1 (red, upper left) and HL1 (green, upper
right) sampled from unbiased MD simulation in water (2
us each by OPLS, alignment on JQ1 warhead). Different
levels of conformational exchange were indicated by tra-
jectory analysis based on RMSD and Rgyr. Those main clus-
ters of each compound with corresponding population
were labelled on the density map (PC1: carbon-carbon
distances corresponding to rOe C; PC2: solute Rgyr).

The metastable binary complex of HL1CON with VHL

https://doi.org/10.26434/chemrxiv-2024-5dbnb ORCID: https://orcid.org/0000-0001-9671-9009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-5dbnb
https://orcid.org/0000-0001-9671-9009
https://creativecommons.org/licenses/by-nc/4.0/

To further understand impacts of linker on binding and deg-
radation behaviours, and particularly the experimentally ob-
served hook-effect especially for HL1CON. we investigated
conformations of PROTAC-bound binary complexes (i.e., with
either VHL or BRD4:BD2) responsible for subsequent ternary
complex formation.

Starting from the ternary complex of MZ1 found by crystallog-
raphy, we firstly replaced the BRD4:BD2 segment with explicit
water (Figure 12 a left) and allowed this system to relax by
unbiased simulation (2 replicates of 1 us at 300 K, OPLS). Two
specific clusters, 14 and 1B, were identified (Figure 12 b)
comprising collapsed MZ1 conformations where the JQ1 war-
head associates with the VH032 warhead in the HIF binding
pocket of VHL with a U-shape of the PEG3 linker, similar to the
solution-state described before (Figure 11 red). This collapse
was also clear from the substantial reduction in both the lig-
and Rgyr and exposed surface area (ESA) on VHL during the
simulation (Figure 12 c left). The MMPBSA scoring suggest
these collapsed poses have binding energies comparable with
the bioactive pose where the JQ1 warhead is not in direct
contact with VHL (SI Section_17). Hence, the JQ1-PEG3 moie-
ty of MZ1 does not appear to impair the residence of the
VHO032 warhead on the VHL f-domain on simulated time-
scale. However, it does suggest that the JQ1 warhead may be
trapped on the VHL -domain in this binary state, and thus
kinetically disfavour any subsequent formation of the ternary
complex by engaging BRD4:BD2, despite the end-state ternary
complex being the thermodynamically preferred outcome
with induced PPIs (Figure 12 a right). Interestingly, the MZ1
bioactive conformation was observed as a transitory state
after ~200 ns during the transition between collapsed con-
formations in one replicate of trajectory (Figure 12 c lower),
providing a feasible pathway for MZ1 to recruit BRD4:BD2
when bound with VHL and thus still allowing ternary complex
formation. For those potent molecular glues (MG) generally
with less or even no linker component, such modality should
suffer less from entropic penalty of diverse non-bioactive con-
formations in the binary intermediate and hence have easier
access to the productive ternary complex with robust protein-
protein complementarity and ultra-high cooperativity.
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Figure 12. a. The unbiased simulations of MZ1-VHL bina-
ry complex system started from a bioactive pose, where
BRD4:BD2 is eliminated from ternary complex crystallog-
raphy (PDB: 5T35). b. Two clusters of collapse mode, 1A
and 1B, were sampled and converged. The stable contact
between JQ1 warhead and surface of VH032/VHL f-
domain was observed. c¢. The simplified convergence
pathway of one replicate starting from the bioactive state
on landscape (density map - PC1: ligand exposed surface
area on VHL; PC2: ligand Rgyr). The RMSD analysis of MZ1
ligand trajectory suggested the bioactive conformation
could be revisited after 200 ns during the transition among
equilibrated collapse states.

Repeating this simulation for the HL1CON-VHL binary com-
plex, by removing BRD4:BD2 from the HL1CON-bound ter-
nary complex in previous modelling, afforded two distinct
VHL-bound clusters respectively with good convergence (Fig-
ure 13 a). Unlike MZ1, the first major cluster A of HL1CON
showed its JQ1 warhead attaching between S1 and S4 sheets
of VHL (Figure 13 b left, blue stick) whereas the second major
cluster B showed the JQ1 warhead of HL1CON shift away
from the B-sheet and interact with the remote L1 and L3 loops
of VHL (Figure 13 b right, blue stick). In contrast, correspond-
ing simulations for the binary HL1-VHL complex failed to
sample those states where the JQ1 warhead collapsed onto
VHL surface with significant residence time (SI Section_17).

To confirm the difference in VHL-bound behaviour between
HL1 and HL1CON, the two exposed -gem-dimethyl substitu-
tions were removed from HL1CON-VHL in either state 4 or
state B poses to give the corresponding HL1-VHL poses (Fig-
ure 13 b, green stick), and 10 replicates of 200 ns unbiased
simulation were performed starting from each collapsed state
(Figure 13 c). Although state A was mostly retained for HL1-
VHL (Figure 13 b left green stick), state B was lost in most
trajectories. Again, this is in contrast with HL1CON-VHL
where both states were generally retained following the same
trials (Figure 13 c). This is also supported by the normal
mode analysis for the HL1CON ligand trapped in state B with
significantly lower entropy than all other simulation trials (SI
Section_17). Only further heating (300 K to 420 K in 30 ns
following each 200 ns equilibration) could accelerate the re-
lease of the JQ1 warhead of PROTAC from all collapsed states
on VHL surface.

These simulations with only the VHL receptor appeared to
explain the unique low BRD4:BD2 cooperativity for HL1CON
according to FP assay (a = 3) as well as its early onset of the
hook-effect. This metastability of the collapsed HL1CON-VHL
binary system would impair its subsequent binding and re-
cruitment of BRD4:BD2 to ultimately form the productive
ternary complex. However, it was unclear if such a phenome-
non could be observed in any PROTAC binary complex with
BRD4:BD2 as the more affinitive target.
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Figure 13 a. Density maps suggested the convergence of two

replicates of 1 us unbiased simulation for HL1CON-VHL bina-
ry complex starting from the BRD4:BD2-eliminated bioactive
pose, which led to afford two distinct collapse clusters, 4 and
B. b. The collapse states A4 (left) could be adopted by both HL1
and HL1CON, where both JQ1 warheads were buried between
S1 and S4 sheets. The state B (right) showed the JQ1 warhead
of HL1CON attaching on L1 and L3 loops of VHL. c. Further
simulation trials (10*200 ns followed by 30 ns heating from
300 K to 420 K) starting from each collapse state on VHL indi-
cated A as binary intermediates shared for both HL1 and
HL1CON while B is a unique metastable state for the linker
constrained HL1CON.

The flexibility of VH032-based PROTACs in complex with
BRD4:BD2

We then simulated the BRD4:BD2 binary complexes with just
the JQ1 warhead in explicit water. Due to the lack of an exper-
imental co-crystal structure, homology alignment was applied
to build the system of the BRD4:BD2-]JQ1 complex based on
analogous structural work on the BRD4:BD1-JQ1 system from
Bradner and co-workers.!! Similar to their findings on
BRD4:BD1, our unbiased simulation for BRD4:BD2 (2 repli-
cates of 1 us) suggested that the JQ1 inhibitor also stabilizes
the fluctuation of both ZA and BC loops in this domain accord-
ing to RMSF analysis (Figure 14 and SI Section_19). Notably,
those simulations in explicit water based on the OPLS force-
field appeared to aggravate fluctuations of Bromodomain and
aggregations with ligand compared to the AMBER/GAFF
force-field, especially for the ZA loop not stabilized by VHL
through PPIs. This phenomenon was not observed in our pre-
vious simulations for the VHL containing 3-domain (SI Sec-
tion_18). This aligns with observations in previous bench-
mark studies on force-field suitability.56-58 Consequently, we
adopted the AMBER/GAFF force-field for simulating all
BRD4:BD2 binary complexes and found it gave a more satis-
factory performance in this case.
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Figure 14. The simulations and RMSF analysis indicated
both ZA and BC loops of BRD4:BD2 were stabilised by the
JQ1 ligand (AMBER/GAFF). Energy minimized clusters
were shown for both apo (left) and JQ1 (right) bound sys-
tems (2 replicates of 1 us simulation for each system).
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MZ1-BRD4:BD2

MS417 with closed ZA
(PDB: 6DUV)

JQ1 with closed ZA
(minimized MD snapshot)

MZ1 with opened ZA
(minimized MD snapshot)

HL1 with opened ZA
(minimized MD snapshot)

Figure 15 a. Diverse flexibilities of VH032 warhead were observed from the JQ1 bound states of PROTAC MZ1, HL1 and
HL1CON (minimised ensembles as shown from left to right, 2 replicates of 1 us simulation for each system). b. The hydropho-
bic collapse of HL1 and HL1CON respectively on BRD4:BD2 were also simulated that induce changes of ZA loop conformation

and even conserved water distributions (AMBER/GAFF, TIP3P water models are shown within 5 A of PROTAC ligand).

Following the above BRD4:BD2 simulation with the JQ1 inhib-
itor, binary complexes with MZ1, HL1 and HL1CON were
simulated respectively, starting by removing VHL from their
corresponding ternary complexes. As expected, trajectory
analysis and minimized ensemble states suggested high flexi-
bility of the VH032 warhead under PROTAC-bound states of
BRD4:BD2 in most cases (Figure 15 a & SI Section_19). How-
ever, the occasion where VH032 collapsed into the JQ1 bind-
ing pocket was still observed in two simulation pathways for
MZ1 and HL1 with only their flexible and hydrophilic linkers
exposed to solution (Figure 15 b shows minimized snapshots
from corresponding trajectory). This led to the opening of ZA
loop and changed the distribution of conserved waters in the
pocket, which has not been observed in any crystallographic
structures for Bromodomain. For the binary system of
HL1CON-BRD4:BD2, no significant conformational change on
BRD4:BD2 was observed in any pathway on simulated time-
scale (SI Section_19).

The experimental validation of unrestrained simulations for
binary complexes in explicit solution was sought through
chemical shift perturbations (CSP) measured using 'H-15N
HMQC NMR spectroscopy for BRD4:BD2 titrated with soluble
MZ1 and HL1 respectively.6? The high similarity of the 1H-15N

HMQC CSP fingerprints for BRD4:BD2 when 1:1 saturated
with each PROTAC (Figure 16 a & SI Section_20), suggested
that very similar binding modes to BRD4:BRD2 are adopted
despite their linker difference. These were also found to be in
line with reported HDX-MS data for BRD4:BD1 bound with
those CRBN-based PROTACs,24 suggesting comparable binary
binding modes of such bivalent modality. Interestingly, large
CSPs were identified not only in the region of presumably
stabilized ZA loop but also around the BC loop and the helix
bundle nearby. For HL1 specifically (Figure 16 b), large CSPs
of BRD4:BD2 were observed on S427, Y430 and A441, in line
with bound snapshots from the MD ensemble bearing closed
ZA loop. These support one hypothesis from simulations for
diverse contacts between the unbound/free VH032 warhead
and the BRD4:BD2 receptor. Such solvent-exposed VH032
flexibility may provide a prerequisite for the subsequent re-
cruitment and adjustment with VHL E3-ligase. Different from
the facile collapse of PROTACs on VHL, the flexibility of linker-
VHO032 moiety beyond the JQ1-locked BRD4:BD2 is supposed
to be critical as well for successful degradation events because
the ternary complex could be adaptively formed prior to
PROTAC saturation, collapse and hook on the less affinitive
VHL E3-ligase in this case.
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Figure 16 a. The perturbation of each chemical shift assigned for BRD4:BD2 under respective titration of MZ1 (green) and
HL1 (pink) ([L]: [P] = 1, 1H-15N HMQC, 800 MHz). The map of CSP labelled on corresponding MD ensembles with closed ZA
loop (CSP > 0.02 ppm in orange; CSP > 0.1 ppm in red; other assigned residues in green). The linker and VH032 warhead motifs
were not shown in each ensemble. b. The large CSP of residues on the helix bundle near BC loop could be rationalised by con-
tacts with flexible VH032 warhead of HL1 according to the MD ensembles with closed ZA loop.

Summary

Herein, we applied a structure-based strategy and predictive
computational modelling to modify the PEG3 linker in
PROTAC MZ1 to explore VHL-based BET degraders with high
BRD4:BD2 cooperativity (Figure 17). The alternative PPG3
linker of HL1 was designed to further stabilise productive
ternary complexes originally formed by MZ1 according to
available crystal structure. Meanwhile, the pan-BET PROTAC
ARV771 was modelled to show the plasticity of ternary com-
plex, where the BRD4:BD2 target is shifted to another position
on VHL E3-ligase, and such a pose could allow broad degrada-
tion selectivity of the BET family. This work benefited from
the utilization of a simple approach of multiple simulated an-
nealing (MSA) in enhanced MD simulations, without any arti-
ficial biased potential along collective variable (CV) or expen-
sive weighted ensemble (WE) / Markov-state Modelling
(MSM),6364 to accelerate conformational exchange and identi-
fy rare conformational transitions for global energy minimiza-
tions when starting from a crystallographic geometry with
high stability. Since small alteration of linker might be able to
induce completely different pose of ternary complex, it again
addresses the importance of physics-driven modelling and
linker conformational analysis in the structure-based PROTAC
optimizations.

To further stabilize ternary complexes for BRD4:BD2 selectiv-
ity and improve PROTAC physicochemical properties, we re-
strained conformations of the PPG3 linker with hydrophobic
B-gem-dimethyl substitutions, leading to the design of
HL1CON. The modelling on HL1CON suggested similar poses
of the ternary complex could be formed, even though the lig-
and seemed to collapse with hydrophobic methyl groups add-
ed to the linker. The cellular degradation assays indicated
contrary activities between the two PPG3 linked PROTACs, as
HL1 showed MZ1-comparable potent BET degradation with
moderate BRD4 selectivity whereas HL1CON is also BRD4-
selective but far less potent and suffered from earlier onset of

the hook-effect. Further biophysical and DMPK assays re-
vealed both PPG3-linked PROTACs have reduced binary and
ternary binding affinities with VHL and BRD4:BD2 compared
to MZ1, although the decay of HL1 was minimal due to com-
pensatory high cooperativity and good permeability. In con-
trast, neither high cooperativity nor permeability was ob-
served for lipophilic HL1CON with poor solubility.

We found the high lipophilicity of HL1CON presumably
caused its retention in bi-directional caco-2 assay, suggested
by low recovery ratios. Moreover, extra methyl substitutions
on the PPG3 linker lead HL1CON to have intensive collapse in
DMSO and aqueous mixtures according to QM/DFT-level
computational modelling and experimental rOe data. This is
assumed to bring a significant entropic penalty of de-solvation
for HL1CON against the binding process either with VHL or
with BRD4:BD2, whereas both hydrophilic MZ1 and HL1
could adopt more ‘chameleonic’ conformations including var-
ious U-shaped minima in aqueous solution.

Furthermore, comprehensive simulations suggested a unique
metastable equilibrium for HL1CON-VHL binary systems
where the JQ1 warhead is stuck between the L1 and L3 loops
under linker constraint. The state is quite different from the
bioactive conformation required for the subsequent ternary
complex formation and suggests an origin for its ‘hook effect’
observed experimentally at relatively higher concentrations.
In contrast, all PROTAC binary systems with BRD4:BD2
demonstrated high flexibilities of VH032, even though such
VHL warhead could tangle with opened ZA loop in some states
according to extensive simulations.

In summary, this research expands our understanding of the
potential risks and benefits of conformational control, linker
rigidification and hydrophobicity in PROTAC drug discovery
for targeted protein degradation (TPD). Although constraining
PROTAC linker freedom has been widely considered as an
efficient strategy to improve the permeability through "hydro-
phobic collapse’ and facilitate the final formation of ternary
complex regarding entropy in some systems,61.6263 this study
highlights the importance of balancing this with considera-

https://doi.org/10.26434/chemrxiv-2024-5dbnb ORCID: https://orcid.org/0000-0001-9671-9009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-5dbnb
https://orcid.org/0000-0001-9671-9009
https://creativecommons.org/licenses/by-nc/4.0/

S >=N
N
\ / /NO “\/O\/\O/\/O\/"

0
\NI‘)L L MZ1 (R = H) A

OH
. H
‘\/O\//\/O\»/\/O\," o o ” S
al HL1 (R=H) \

o X o M o

oZ”

MD-MSA Simulations
plasticity between MZ1 and
confers distinct BET selectivity

;

/)
N

HL1CON (R =H)
HL1 HL1CON
flexible hydrophiliclinker constrained hydrophobiclinker
ER=12.7 ) S
(caco-2) (caco-2)
chameleonic conformational exchange non-chameleonic ligand collapse
) ICso = 0.3 uM (BRD4:BD2) ) ICso=3.7 uM (BRD4:BD2)

flexible VHO32 warhead in
BRD4:BD2 complexes

flexible VHO032 warhead in
BRD4:BD2 complexes

less linker strain in MZ1-type
BRD4 DCso and Hook-effect |,

moderate collapse in complex
BRD4 DCsp and Hook-effect 4

a=52 ‘ ) a=3
1Cs0 = 9.4 uM (VHL) 1Cs0 =11 uM (VHL)

bioactive-like collapse on
VHL under saturation

metastable collapse on
VHL under saturation

Figure 17. The summary of ternary complex plasticity between MZ1 and ARV771 as well as the conformation-activity rela-
tionships for HL1 and HL1CON, showing different degradation behaviours by comparison in each step.
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