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ABSTRACT

Targeted protein degradation via molecular glue degraders offers a novel therapeutic
strategy for modulating previously undruggable proteins such as Cyclin-dependent kinase
12 (CDK12). This thesis investigates whether molecular dynamics (MD) simulations can
elucidate the structural and energetic principles underpinning the formation and stability of
the DDB1-CDK12-Cyclin K complex mediated by different molecular glues.

Using high-resolution crystallographic structures and structure-based models, a total of
eight systems, including seven ligands (CR8, SR-4835, Roscovitine, 919278, HQ461, LL-
K12-14, and LL-K12-18) and one ligand-free complex, were subjected to 1 microsecond MD
simulations. Structural stability was assessed via RMSD and RMSF analyses, while ligand
binding affinities were estimated using MMGBSA and per-residue pairwise decomposition.

The results demonstrate that MD simulations preserve the integrity of the ternary
complexes and reveal key residue interactions contributing to binding. Although high
binding affinity generally correlated with better complex formation, it did not directly predict
Cyclin K degradation efficiency, suggesting that dynamic and positional factors beyond
static affinity contribute to molecular glue functionality.

Among the studied ligands, SR-4835 and LL-K12-18 emerged as the most promising
candidates due to their favourable binding profiles and previously validated in vitro activity.
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1. Introduction

Canceris a non-transmissible disease characterized by an abrupt proliferation of a specific
cell population. Cancer cells are the foundation of the disease, they initiate tumours by
carrying the oncogenic and tumour suppressor mutations that define cancer as a genetic
disease. The hyperproliferation combined with increased genetic instability create different
clonal subpopulations, with different degrees of differentiation, proliferation, vascularity,
inflammation and invasiveness'. Because of its complex mechanism of action and the
impact altering the homeostatic functions of the organism, cancer ranks as a leading cause
of death worldwide, just in front of cardiovascular diseases?.

Various therapeutic approaches have been developed over the years as attempts to counter
it. On one hand, the traditional cancer treatments include surgery, radiation therapy and
chemotherapy, either individually or in combination. On the other hand, more advanced
treatment approaches have been proposed with the objective of being more efficient,
accurate and minimally invasive. These emerging therapies include exosome or
nanoparticles-based therapy, stem cell therapy and gene therapy?®.

Within all those strategies, cyclin dependent kinases (CDKs) have emerged as promising
targets for anticancer therapies. The development of potent inhibitors that selectively target
specific members of the CDK family has proven challenging. The whole transcription-
associated CDK family rely on ATP as a cofactor, which is attributed to structurally similar
active sites®. To enhance the selectivity of compounds various strategies have been
employed including development of covalent inhibitors® and targeted protein degradation
approaches such as molecular glue degraders®.

Targeted protein degradation represents a novel therapeutic paradigm that goes beyond
inhibition by making us of the own cell protein disposal, the ubiquitin-proteosome pathway.
In this context, drug-induced interactions involving E3 ubiquitin ligases have gained
attention, particularly through the use of molecular glues.

1.1 Molecular Glues

Molecular glues (glues) are a class of small-molecule drugs that induce or stabilize
interactions between proteins. In the context of ubiquitin ligase, drug-induced interactions
can lead to protein degradation. The mechanism behind molecular glue degrades is based
on the binding of substrate receptors of E3 ubiquitin ligases and recruitment of target
proteins for their ubiquitination. This creates an emerging strategy for inactivation of
therapeutic targets that are intractable by conventional pharmacological means’.

The glues are not dependent on a druggable pocket on the target protein but instead exploit
complementary protein-protein interfaces between receptor and target. By reprogramming
the selectivity of the ubiquitin ligase, these molecules redirect the ligase to repeatedly
catalyse ubiquitination of the target protein. In this way, the constraints of classical
inhibitors can be circumvented and the repertoire of druggable proteins can be expanded”’.

Among the promising targets for molecular glue-induced degradation there is the protein
complex formed by Damage-specific DNA binding protein 1 (DDB1), Cyclin-dependent
kinase 12 (CDK12) and cyclin K, which serve as a test case for expanding the scope of
molecular glue degraders.



1.2 DDB1

The Damage-specific DNA binding protein 1 (DDB1) is a multifunctional protein encoded by
the DDB1 genein humans, located on chromosome 11q112-q13. It was firstisolated as part
of a heterodimeric complex (together with DDB2) that recognizes DNA lesions induced by
ultraviolet light in the nucleotide excision repair (NER) pathway®. Beyond its role in DNA
repair, DDB1 is a component of the Cul4A-RING ubiquitin E3-ligases (CURL4). It functions
as an adaptor protein to link Cullin 4A (CuldA) and CUL4-associated factors (DCAFs),
allowing it to recruit and coordinate a wide variety of substrates for ubiquitination and
degradation. This function is crucial for regulating cellular processes such as DNA repair,
replication, chromatin remodelling and cell cycle control®.

As mentioned before, The CUL4-DDB1 complex forms part of a larger E3 ubiquitin ligase
assembly, named CRL4 (figure 1). This complexis built around Cul4A/B as a scaffold protein
and DDB1 that acts as an adaptor for DCAFs. The DCAFs proteins bind to DDB1 and act as
substrates receptors, providing specificity to the complex. The E3 ligase also includes a
RING-finger protein (e.g. RBX1) that catalyses the ubiquitin transfer. The ubiquitination
process involves the transfer of ubiquitin molecules from an E2 conjugating enzyme to
lysine residues on the target protein, a step mediated by the E3 ligase. Consequently, the
ubiquitination marks the proteins for degradation by the 26S proteosome, regulating the
proteins involved in various pathways™.

CRL4 structure
CUL4A/B
RBX1 DDB1
E2
Ub \—> Substrate  DCAFs
Ub_Ub
Ub Ub

Figure 1. Schematic representation of the CRL4 (Cullin-RING Ligase 4) E3 ubiquitin ligase complex.
Adapted from Cullin-RING Ligase 4 in Cancer: Structure, Functions and Mechanism (Cheng Jetal.)

DDB1 is essential in targeting specific proteins for ubiquitination and subsequent
degradation. This specificity makes it a powerful regulatory hub for controlling protein levels
involved in essential cellular processes''. Importantly, this ability to guide proteins towards
degradation has therapeutic potential in strategies that are aimed at eliminating target
proteins that are otherwise considered undruggable. Exploiting DDB1 scaffolding function
through molecular glues offers a promising approach for modulating the proteome in
cancer'.



1.3 Cyclin K

Cyclin Kis a regulatory protein encoded by the CCNK gene in humans. Itis a member of the
transcription cyclin family and plays crucial roles in both cell cycle regulation and
transcriptional control. Cyclin K forms complexes with cyclin-dependent kinases, most
notably CDK12 and CDK13. These complexes phosphorylate the C-terminal domain (CTD)
of RNA polymerase 1'%, It is also involved in the cell cycle regulation, regulating the
assembly of the pre-replicative complex (pre-RC) during the G1 phase, crucial step for DNA
replication and cell proliferation™.

1.4 CDK12

CDK12 is a serine/threonine protein kinase that belongs to CDK family, participating in
diversified biological functions such as transcription, post-transcriptional modification,
translation and cell cycle progression. In humans, it is encoded by the CDK72 gene and
produces a protein comprising 1490 amino acids'®. The protein consists of three major
domains: an N-terminal domain rich in arginine-serine (RS) repeats, a catalytic kinase
domain and a C-terminal domain. CDK12 forms an active complex with cyclin K, and upon
phosphorylation by CDK-activating kinase at threonine 893 it becomes functionally active.
This complex primarily targets the C-terminal domain (CTD) of RNA polymerase || (RNAPII),
phosphorylating multiple serine residues to regulate transcription elongation. It is essential
for the productive elongation of long, intron-rich genes that contain intronic
polyadenylation sites (IPAs)'>®,

A key role of CDK12 is the transcriptional regulation of genes involved in the DNA damage
response (DDR), many of which are essential for maintaining genomic integrity. Through
phosphorylation of RNAPII, CDK12 ensures the proper expression of DDR genes such as
BRAC1, RAD51 and ATR. Depletion or loss of function of CDK12 has been shown to
downregulate these genes, leading to malfunction of DNA repair mechanism.

Another substantial role of CDK12 is controlling the G1 phase on cell cycle, where its
expression peaks to prepare for DNA replication. It transcriptionally regulates critical
replication genes such as CDC6, CCNE1 and CDT1".

The expression of DDR genes which are tightly regulated by CDK12, is critical for the
homologous recombination (HR) repair pathway. HR is a high-fidelity mechanism to resolve
double-strand DNA breaks. When CDK12 is mutated or inactivated, as observed in certain
cancers like high-grade serous ovarian cancer (HGSC) and BRAC-mutant triple-negative
breast cancer (TNBC), the HR pathway becomes deficient. CDK12-deficient cells show
increased use of IPAs resulting in truncated, non-functional mRNAs. This HR deficiency
leads to genomic instability and increased sensitivity to DNA-damaging agents'®'°,

Therapeutically, HR-deficient tumours are susceptible to PARP inhibitors, which exploit
their impaired repair capability. However, resistance to PARP inhibitors can emerge through
compensatory pathways. In this context, a combination of CDK12 inhibitors with PARP
inhibitors is being investigated as a strategy to overcome both primary and acquired
resistance®?.

Selective inhibition of CDK12 has demonstrated therapeutic potential across various
cancer types by interfering with transcriptional regulation of oncogenes, DNA repair genes,



and replication machinery. In HER2-positive breast cancer and papillary thyroid cancer,
CDK12 is often co-amplified with ERBB2, driving activation of the Wnt/B-catenin pathway
and promoting metastasis, effects that are reversed by CDK12 knockdown. In MYC-driven
cancers, CDK12 inhibition results in synthetic lethality due to its role in MYC transcription
regulation. Similarly, in Ewing’s sarcoma, CDK12 inhibitors show synthetic lethality with the
EWS/FLI fusion protein, especially when combined with PARP inhibitors. Even in CDK12
wild-type tumours, pharmacological inhibition impairs homologous recombination and
induces cell cycle arrest, sensitizing cells to DNA-damaging therapies. These mechanisms
position CDK12 as a versatile and powerful target in both monotherapy and combination
strategies's*>%3,

CDK12 was historically considered an undruggable target due to structural and functional
similarities with other CDK, particularly the conserved ATP-binding pocket. This high degree
of homology made achieving selective inhibition of CDK12 extremely challenging.
Molecular glue degraders circumvent these limitations by redirecting E3 ligase activity to
degrade cyclin K rather than inhibit the kinase function specifically. The degradation of the
cyclin K leads to functional inactivation of CDK12 offering a selective therapeutic strategy®.

1.5 Discovery of molecular glues for DDB1-CDK12-Cyclin K complex

M. Stabicki and colleagues confirmed the action of the CDK inhibitor (R)-CR8 (CR8) as a
molecular glue degrader after correlating the data of clinical and preclinical drugs tested
for cancers against the mRNA levels of 499 E3 ligase components’. CR8 cytotoxicity
correlated with mRNA levels of the protein DDB1. As this DDB1-dependent cytotoxicity of
CR8 suggested ubiquitin ligase-mediated degradation, quantitative proteome-wide mass
spectrometry was performed after treating cells with CR8. From the total of eight thousand
quantified proteins, only cyclin K showed a consistently decrease in abundance. They
confirmed that CR8 triggers proteasomal degradation of cyclin K through the activity of
DDB1-containing cullin-RING ubiquitin ligase’.

Their results also provided genetic evidence for the involvement of a functional CUL4-RBX1-
DDB1 ubiquitin ligase complex in mediating CR8 cytotoxicity. As no DCAF was identified in
the (R)-CR8 resistance screens, they confirmed that the CR8-engaged CDK12-cyclin K
complex binds directly to one of the CUL4-RBX1-DDB1 ligase components in the absence
of a substrate receptor. The DDB1 domains involved in DCAF binding -propeller domain A
(BPA) and B-propeller domain C (BPC) were sufficient for drug-induced recruitment of
CDK12-cyclin K. The DDB1 B-propeller domain B (BPB) that binds CUL4 was dispensable
for the interaction’.

Although CR8 stimulated binding between CDK12-Cyclin K and DDB1, a week interaction
between CDK12-Cyclin Kand DDB1 was still detectable in vitro in the absence of the drug.
CR8 strengthened complex formation by 500- to 1000-fold estimated by isothermal titration
calorimetry (ITC).

All the data indicated that CR8-engaged CDK12-Cyclin K is recruited to the CUL4-RXB1-
DDB1 ligase core through DDB1, and CR8 tightened the complex sufficiently to drive glue-
induced degradation of cyclin Kin the absence of a canonical DCAF substrate’.

CR8 (figure 2) is a pleiotropic CDK inhibitor that is reported to bind CDK1, CDK2, CDK3,
CDK5, CDK7, CDK9 and CDK12, yet in cells there is observed a selective destabilization of
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cyclin Kin the presence of the drug. Cyclin Kis reported to associate with CDK9, CDK12 and
CDK13, but only CDK13 is also recruited to DDB1 in presence of CR8, albeit with lower
binding affinity. CDK13 has a sequence identity of 90,8% with CDK12 whereas CDK9 has a
sequence identity of 45,5% where the key difference is in the C-terminal extension.
Mutations in the C-terminal abolished basal binding between CDK12 and DDB1, whereas
complex formation could still be facilitated by CR87%4.
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Figure 2: Chemical structure of SR-4835 ligand

These results demonstrate that the selective CDK inhibitor CR8 induces specific protein-
protein interactions between CDK12 or CDK13 and DDB1 and suggest that the C-terminal
is not essential for drug-dependent kinase recruitment.

1.6 Design principles for molecular glue degraders

After confirming the mechanism of action of CR8 as a cyclin K degrader, other ligands were
tested to find the key principles to design new degraders in a logical manner or de novo.

CR8 occupies the ATP-binding pocket which is the active site of CDK12 and forms discrete
contacts with residues from the BPC domain of DDB1. From the explored purine-based
compounds with diverse substituents (figure 3), there was a selective inhibitor that also
showed gain-of-function in molecular glue activity, SR-4835 (figure 4)%°.

R3
N " R2
LT
R1

Figure 3. General purine-based scaffold used in the design of molecular glues. The core bicyclic
purine structure supports various substituents at positions R1, R2 and R3.

SR-4835 potently recruited DDB1 to CDK12-cyclin K (ECso = 16 £ 1 nM) and consistently
degraded cyclin K. The imidazole ring of the gluing moiety interacts with Arg928 (DDB1) and
is additionally positioned to hydrogen bond with Tyr815 and Asp819 of CDK12. The high
selectivity of this inhibitor compared to CR8 is explained because Tyr815 is specific to
CDK12 and CDK13 only®.
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Figure 4. Chemical structure of SR-4835 ligand

Pompom Ghosh and colleagues confirmed that SR-4835 promotes cyclin degradation
through the ubiquitin-proteosome system, same as CR8. SR-4835 is dependent on CUL4-
RBX1-DDB1 ubiquitin ligase, and CDK12 is required for cyclin degradation?®.

SR-4835 also remains one of the few disclosed inhibitors with a set of pharmacokinetics
properties suitable for in vivo studies. SR-4835 sensitizes triple-negative breast cancer cells
to PARP inhibitors and DNA-damaging chemotherapies by reducing the expression of DNA
damage response pathway, while also stimulating rapid tumour regression in patient-
derived xenograft mouse models®.

Roscovitine (figure 5), the parent compound of CR8, which lacks the 2-pyridil substituent,
was also tested for the ability to drive complex formation. Although it had a binding affinity
three times lower than CR8 and there was a degree of cyclin K degradation in vitro, this
ligand was not capable of inducing cyclin K degradation in cells. The presence and correct
orientation of the 2-pyridil moiety on the surface of CDK12 confers the gain-of-function
activity that triggers cyclin K degradation®.

HsC \( H/I
/j“/ :
Figure 5. Chemical structure of roscovitine ligand

As SR-4835 is a more promising candidate as molecular glue because of its enhanced
selectivity and drug-Llike properties, it was selected as starting point for optimization. Zemin
Zhang and colleagues performed Structure-activity relationship (SAR) analysis to elucidate
the critical binding site with DDB1 for optimal activity?’.

They performed dynamic simulations to provide insight into an additional targetable pocket
to enhance the interaction. LL-K12-4 was formed by replacing the methylpyrazole group by
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an ethyl group in R3 position. It successfully degraded cyclin K at a concentration of 5nmin
MDA-MB-231 cells and resulted in ECso = 22.42 in cells?.

Afterwards they tried to replace the R2 moiety with different linked pyridine rings. LL-K12-
K14 (figure 6) didn’t result in increases in activity, although LL-K12-18 (figure 7) emerged as
aremarkably potent degrader of cyclin K, utilizing a diethylglycine derivate as the additional
gluing moiety. Fitted kinetic parameters indicated that LL-K12-18 promote a higher affinity
interaction between DDB1 and CDK12 compared to SR-4835, largely due to a slower
dissociation rate?.

Nl S
H3C =
\fl\' N\\l/O
<TI0

cl Cl

Figure 6. Chemical structure of LL-K12-14 ligand

Cl cl

Figure 7. Chemical structure of LL-K12-18 ligand
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More structurally dissimilar CDK12 inhibitors were investigated, focussing on 919278 ligand
(figure 8). This inhibitor showed weak CDK12 binding affinity (5.6 pM) but pronounced
downstream transcriptional effects. Despite its low molecular weight and lack of chemical
similarity to CR8 or SR-4835, compound 919278 potently recruits DDB1 to CDK12-Cyclin K
in vitro (ECso = 38 £ 1 nM)®,

The compound satisfies the key hinge contacts Glu814 akin to that of CR8 and interacts
with CDK12 Tyr815 through hydrogen bonding. The isoindolinone gluing moiety protrudes
out into the interface engaging DDB1 Arg928 via nt-cation interactions. Hence, the diversity
observed among DDB1-CDK12 glues extends beyond typical purine-based kinase inhibitor
scaffolds®.

N

O o >——- NH
©:(~¥L”
CHs

Figure 8. Chemical structure of 919278 ligand

Other small cyclin K degraders have been recently published such (e.g. HQ461, 211, Z7 %:2°)
Especially HQ461 (figure 9) revealed that all promote the formation of an analogous ternary
complex and sustain the hinge hydrogen bonds and m-cation interactions with DDB1
Arg928. It also displays interactions with additional residues, forming a hydrogen-bond with
Ile733 of CDK12.

A -

\ / CHs

Figure 9. Chemical structure of HQ461 ligand
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1.7 Crystallographic complex structure

The starting point of this study is the crystallized structures of the protein complex DDB1-
CDK12-Cyclin K. A total of five structures from the RSCB Protein Data Bank were selected
with different molecular glues bound. The protein structure entries are: 6TD3, 9FMR, 8BU9,
8BUA, 8BUG. All structures follow the same organization. The structures crystalized
comprises a truncated version of DDB1 that lacks BPB domain (ABPB), CDK12 kinase
subunit, cyclin K and the ligand.

In the structures, figure 10 serves as an example, CDK12 forms extensive protein-protein
interactions with DDB1. The ligands are positioned in the active site of CDK12. The C-
terminal extension of CDK12 binds the cleft between DDB1 domains.

Figure 10. Crystallographic structure of the complex formed by DDB1 (green), CDK12 (orange), cyclin
K (purple) bound to a ligand (highlighted within the ligand pocket). Image generated using Mol 3D
Viewer from the RCSB PDB.

This study aims to perform molecular dynamics (MD) simulations on the DDB1-CDK12-
Cyclin K complex bound to a ligand, in order to elucidate the underlying mechanisms of
molecular glue-mediated degradation.
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2.Hypothesis and Objectives

As introduced in the background, targeted protein degradation through molecular glue
degraders has emerged as a promising therapeutic strategy for undruggable targets such as
CDK12. Molecular glues function by stabilizing protein-protein interactions with E3 ligases
and their substrates, promoting selective protein degradation. Among these, ligands
capable of stabilize the protein complex DDB1-CDK12 and degrade cyclin K hold significant
therapeutic potential in cancer treatments. Understanding the molecular basis behind the
differential degradation efficiency of various ligands is essential for the rational design of
more potent and selective degraders.

Hypothesis: molecular glues that form stronger interactions and induce more stable
protein complex are the most effective in promoting cyclin K degradation

All this considered, the objectives of this study are:

1) To assess whether molecular dynamics simulations can maintain the structural
integrity of the molecular glue degradation system throughout the simulation
period.

2) To determine if differences in ligand binding affinity can serve as predictive
indicators for their efficiency in both CDK12 inhibition and cyclin K degradation.

3) To discover the main interactions between ligand and the protein complex which
constitute an effective molecular glue degrader

13



3. Methods — Computational Studies

3.1 System Preparation

The crystallographic structures of the complex of proteins DDB1-CDK12-CyclinK with
different ligands were the starting point for the present study (table 1). Although the
crystallographic structures were a multimeric complex formed from three heterotrimers,
only a single heterotrimer was considered for the study. The selection was based on which
one had the best-preserved C-terminal of CDK12, because it plays a crucial role mediating
the interaction between CDK12 and DDB1. All protein structures were standardized to
include the same CDK12 C-terminal length, extending up to residue ARG1169. This was
done to ensure a consistent contribution of the CDK12 C-terminus to DDB1 binding across
all models. A flexible linker, residues 395 to 404 (GGNGNSGEI), was added to covalently
connect two subunits of DDB1 using PRIME function in Maestro. The linker was part of the
crystallographic structures sequence, but the amino acids had missing coordinates in the
PDB files. Subsequently, the complexes were prepared using the protein preparation wizard
within Maestro (Schrodinger) that protonated at pH 7.0, added missing lateral chains and
oriented sidechains. Ligands geometries were optimized at the Hartree-Fock (HF) level of
theory with the 6-31G** basis set using Gaussian, yielding reliable starting points for
molecular-charge determinations.

Next, the protein complex was centred in a cubic simulation box and solvated with rigid, 4-
point optimal point charge (OPC) water molecules, ensuring a minimum distance of 15A
between the solute and the box walls. Water molecules closer than 1 A to any protein were
removed. Atoms of Na+ or Cl- were added to neutralize the system using the LEaP module
of AMBER22. All calculations were performed using the ff19SB force field for proteins and
gaff2 for ligands.

Table 1. Summary of crystallographic structures used in the study, correlating the PDB access code
with the ligand. (ligands marked with an asterisk (*) were derived from an existing crystallographic
structure; ligand code marked with a slash (-) is for ligand not included in RCSB protein data base)

PDB Code | Ligand Ligand Code | Notes

6TD3 CR8 RC8
SR-4835 RMF

9FMR LL-K12-14 - * Created from structure
LL-K12-18 - * Created from structure

8BU9 Roscovitine | RRC

8BUA 919278 RVH

8BUG HQ461 RPW
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3.2 Energy minimization

The minimization step is required to eliminate possible steric impediments and to adaptthe
system to the force field, bringing the system near to a local energy minimum. The multistep
minimization procedure took a total of 15000 steps, using the steepest descent method.
The first 5000 steps only water molecules, ions and the amino acids without
crystallographic coordinates were allowed to relax, meanwhile the rest of the atoms of the
proteins were fixed and applying harmonic positional restriction of 5.0 kcal/mol- A2 The
next 5000 steps only the backbone of the protein was being restricted applying the same
restriction. Finally, in the last steps all atoms were allowed to move without any restrictions.

3.3 Molecular Dynamics Simulations

After preparing the system for molecular dynamics, the first step was heating gradually the
system to 300 K at a rate of 30 K every 20 ps. The atoms of the backbone of the protein were
fixed with a harmonic positional restriction of 5.0 kcal/mol- A2 using the Langevin
thermostat algorithm with a collision frequency of 3 ps™ under the NVT ensemble.
Subsequently, a second stage of density equilibration was performed using the NPT
ensemble to allow the solvent box to adjust to proper density, with a total of 24 ps
simulation. Thereafter, 60 ns of simulation was performed reducing the restraint force
constant every 20 ns. The harmonic positional restriction was reduced gradually 3.0
kcal/mol-A?, 1.0 kcal/mol-A?, 0.5 kcal/mol-A%. Finally, the production of molecular dynamics
was performed allowing the system to have no restraints. A total simulation of 1 ps was
conducted for each system under NVT conditions. The molecular dynamics were carried
out using the pmemd module from AMBER21.

3.4 Root-Mean-Square Deviation and Root-Mean-Square Fluctuation

Root-mean-square deviation (RMSD) for all the molecular dynamics trajectories was
computed using the cpptraj module from AMBER22 to assess the structural stability of the
systems along time. RMSD was computed using the first structure of dynamics simulation
as a reference®. The mathematical definition for the RMSD value at time t is:

N
1
RMSD() = | 1In(®) =171
i=1

Where N is the total number of atoms, 7;(t) is the position of atom i at time t, and r s its

i
position in the reference structure.

Root Mean Square Fluctuation (RMSF) for all the molecular dynamics trajectories was
calculated using the cpptraj module from AMBER22 as well. RMSF quantifies the flexibility
of individual atoms measuring how much each atom fluctuates around its average position
throughout the simulation®'. High RMSF values indicate regions with grater mobility (e.g.
protein loops or actives sites). The mathematical definition for atom i is:

RMSF; = /(|[r;(t) — (r)[1?)

Where (r;) is the time-averaged position for atom i.
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3.5 MMGBSA

The molecular mechanics energies combined with generalized Born and surface area
continuum solvation (MMGBSA) is a popular approach to predict ligand-binding affinities or
the free energy of the binding of small ligands to biological macromolecules®.

The binding free energy was computed using the MMGBSA procedures, implemented in
AMBER22 package. In this method, the binding free energy is calculated according to the
following equation:

AGbinding = AH995 4+ AGsolv — TAS94S

where AH9% is the gas-phase interaction energy calculated by summing the internal

pgoas gas

energy, van der Waals (4H,,;,,) energy and electrostatic (4H,;,.) molecular mechanics

energy. The term AG*°" is computed as the sum of polar (AG;gﬂ’lr) and nonpolar terms

(AG,igﬁfpolar). The first term is calculated numerically by the generalized Born (GB) method,
while the second one is calculated using the following equation:

AGrslgiypolar = ySASA+ 8

Where SAS is the solvent-accessible surface area calculated using the Linear
Combinations of Pairwise Overlaps (LCPO) method. The values for the y and f constants
were set to 0.0072 kcal/mol-A2 and 0 kcal/mol-A2, respectively, using the igb = 2 option.

For each MMGBSA calculation the binding free energy was computed using the standard
thermodynamic cycle, where the free energy of binding is determined as the difference
between the free energy of the complex and the sum of the free energies of the separated
components:

AGbinding = Gcomplex - (Greceptor + Gligand)

The definitions of ‘complex’, ‘receptor’ and ‘ligand’ were adapted for each specific
interaction of interest. The different components are denoted as follows: cyclin K (C),
CDK12 (K), DDB1 (D) and the ligand (L). A summary of the different MMGBSA calculations
and their corresponding components is provided in table x.

Table 2. Summary of MMGBSA binding free energy calculations for protein-ligand and protein-protein
interactions.

MMGBSA 1 Ligand binding to protein complex
(CKD + L < CDKL)

MMGBSA 2 DDB1 binding to Cyclin K-CDK12-Ligand complex
(CKL+ D < CKDL)

MMGBSA 3 Ligand-DDB1 binding to Cyclin K-CDK12
(CK + DL < CKDL)
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3.6 MMGBSA pairwise

The MMGBSA pairwise method is based on the decomposition of the total binding free
energy into contributions from specific pairs of residues, atoms or groups within the
complex. The decomposition is possible because the Generalized Born model used in
MM/GBSA is formulated in a way that allows the calculation of solvation energies and
interaction energies on a pairwise basis.

The pairwise decomposition enables the identification of which specific residues or
interactions contribute most to the overall binding free energy, providing insight into the
molecular determinants of binding affinity.
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4.Results

4.1 Root-Mean-Square Deviation - RMSD

The Root Mean Square Deviation (RMSD) is a quantitative measure used to assess the
average distance between corresponding atoms of two superimposed molecular
structures. It is used in molecular dynamics to evaluate how much the structure deviates
from a reference conformation over time.

In this case, RMSD values were calculated for each of the molecular dynamics systems
using the initial structure as the reference conformation from which the simulation began.

To assess if the system reached structural stability, the overall trend of the RMSD function
is analysed rather than focusing on specific humerical values. In molecular dynamics
simulations, structural changes are expected at the beginning as the system adapts to the
applied force field. Once this adaptation phase ends, the system may reach a state of
convergence, where RMSD values stabilize and show minimal fluctuation over time.

The starting point of the structure coordinates is also important. Structures derived from
experimental research, such as crystallographic coordinates, are generally more reliable as
starting points for molecular dynamics simulations than those generated through homology
modelling or computational design, as they better reflect the true atomic arrangement of
the molecule.

In figure 11, the plots show the RMSD values over 1000 ns of molecular dynamics (MD)
simulations for each of the ligands. For each system there are two RMSD values calculated,
the first iteration was calculated using alpha carbons from all protein amino acids. The
second iteration was calculated using the alpha carbons from the amino acids with a low
value of RMSF. The second iteration is a better representation to assess whether if the
structure reached structural stability because all the flexible parts of the proteins like loops
and terminal ends are excluded from the calculations.

The flexible parts of the proteins distort the results by introducing artificial fluctuations that
do not necessarily reflect the stability core of the protein-ligand complex. By excluding
these regions, the second iteration provides a clearer and more reliable picture of the
structural convergence of the system.

As seen in the plots (figure 11), most systems exhibit a noticeable reduction in RMSD
fluctuations during the second iteration, indicating that the core structure of the protein
remains more stable than what is suggested by the full-protein RMSD.

In almost all the systems, convergence in the RMSD for the second itineration can be
observed, indicating that the protein backbone (excluding the flexible regions) reaches a
stable conformation over time. A clear example is the system for 919278 ligand, where the
RMSD stabilizes with minimal fluctuations after approximately 300 ns. Most other systems
follow a similar trend, although some show slight perturbations. For instance, HQ461
displays a minor increase in fluctuation around 600 ns, and CR8 shows mild instability after
800 ns, though overall remain within an acceptable range of deviation, suggesting
maintained structural integrity.
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Figure 11. RMSD plots for eight molecular systems: seven protein-ligand complexes (with ligands (A)
CRS, (B) HQ461, (C) SR-4835, (D) LL-K12-14, (E) Roscovitine, (F) LL-K12-18 and (G) 919278) and one
protein-only system ( (H) ligand-free). Each plot represents the same simulation trajectory over time.
The first RMSD calculation was performed using the alpha carbons of all amino acids, while the
second used only the alpha carbons of residues with low RMSF values.

On the other hand, for the systems of the ligands LL-K12-14 and LL-K12-18, itis noticeable
that their system needed more time to adapt than the other ligands. This may be explained
by the origin from the structure. Both of those ligands were modified from the original
structure of the SR-4835 ligand (PDB ID: 9FMR) using MOE. No structural data was available
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in the Protein Data Bank (PDB) for LL-K12-14 and LL-K12-18, which is why their atomic
coordinate had to be generated computationally. Since the coordinates were not derived
from experimental data, the initial binding poses may have been less accurate, leading to
longer equilibration period in the MD simulation.

All systems demonstrated structural stability throughout the entire simulation period, with
no significant deviations or fluctuations observed in their structural parameters, indicating
consistent behaviour under the simulated conditions.

4.2 Root-Mean-Square Fluctuation - RMSF

The Root Mean Square Fluctuation (RMSF) is a measure used in molecular dynamics to
assess the flexibility or mobility of individual atoms or residues over time. The RMSF values
allow us to determine which parts of the proteins move the most during the simulation. High
values of RMSF indicate more flexible regions such as loops or termini, meanwhile lower
RMSF values are attributed to more stable and rigid regions.

RMSF plots for the system with CR8 ligand are presented as an example. In Figures 12, the
RMSF values for the amino acids of the DDB1 protein are shown (RMSF for the rest of the
systems in supplementary material 1 to 6). This protein contains a high number of short
loops exposed to the solvent. These solvent-exposed loops are more likely to exhibit
movement due to their lack of structural rigidity. Notably, the loop between residues 395 to
405 is highlighted, as this is the linker added between the two domains of the proteins.

In figure 13, the CDK12 protein contains some loops but it is stabilized through interactions
with DDB1 and cyclin K. This stabilization limits the fluctuation of its residues. In contrast
(figure 14), cyclin K appears to be the most flexible protein within the complex, with both
termini forming flexible loops that contribute to higher mobility.

RMSF DDB1 CR8 ligand

RMSF (A)
o =N W Iy (S - N | [s V-]

0 100 200 300 400 500 600 700 800
Residue position

Figure 12. RMSF of the DDBT1 protein for the system with CR8 ligand. The orange dashed line indicates
the threshold established for the second iteration calculation of RMSD calculation.
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Figure 13. RMSF of the CDK12 protein for the system with CRS8 ligand. The orange dashed line
indicates the threshold established for the second iteration calculation of RMSD calculation.

RMSF Cyclin K CR8 ligand
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Figure 14. RMSF of the cyclin K protein for the system with CR8 ligand. The orange dashed line
indicates the threshold established for the second iteration calculation of RMSD calculation.
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4.3 MMGBSA
e MMGBSA 1 (DDB1-CDK12-Cyclin K + Ligand)

The MMGBSA is a computational method to estimate the binding free energy between
molecules. Figure 15 shows the binding free energy of various ligands interacting with the
DDB1-CDK12-Cyclin K protein complex. This method provides relative binding affinities
between ligands, rather than absolute value binding free energy values.

MM GBSA 1 (CDK + L)
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Figure 15. MMGBSA binding free energy profiles over 1000 ns of molecular dynamics simulation for
the DDB1-CDK12-Cyclin K complex with seven different ligands. The solid line represents the mean
value of 200 frames (16 ns).

By analysing the different functions over the time of simulation it is important that each
system reaches energetic convergence, where the ligand binding affinity remains relatively
stable and does not exhibit large fluctuations. Similar to structural stability, the system
undergoes a series of change and adaptation to the force field, which is why significant
fluctuations in the ligand binding free energy can be observed during the early stages of the
simulation.

When comparing the binding affinity of the different ligands, those with a stronger binding
affinity will have a more negative binding free energy. This is the case for three ligands that
share a similar binding energy around -58 kcal/mol: SR-4835, LL-K12-14 and LL-K12-18. The
next ligand with a more negative binding energy is CR8. On the other hand, the ligands
HQ461, 919278, and Roscovitine have a less negative binding energy compared to the
others.
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To obtain representative binding free energy (AG) values from the molecular dynamics (MD)
simulations, the mean and standard deviation of the MMGBSA energies were calculated
over the last 10 ns, 20 ns, and 50 ns of each trajectory (table x). These time windows were
selected to assess whether the systems had reached energetic convergence. By comparing
the results across these different time intervals, it was observed that the AG values
remained consistent within each system, regardless of the length of the averaging window.
This stability indicates that the systems had reached convergence, and extending the
averaging period did not significantly impact the estimated binding energies. Therefore, the
AG values obtained can be considered reliable and representative of the final equilibrated
state of each ligand-protein complex.

Table 3. Comparison of the ligands MMGBSA energies over the last 10, 20 and 50 ns of simulation

AG (last 10 ns) AG (last 20 ns) AG (last 50 ns)

Ligand Mean SD Mean SD Mean SD

CR8 -51,37 12,75 -51,20 12,73 -50,67 +2,80
SR-4835 -58,33 +2,85 -58,99 12,92 -58,55 13,06
Roscovitine -41,11 +2,95 -40,24 +2,75 -40,02 +2,53
919278 -39,01 +2,93 -39,12 12,79 -39,26 12,78
HQ461 -39,72 +2,12 -39,59 12,20 -39,26 +2,30
LL-K12_14 -59,14 12,70 -59,12 +2,59 -59,57 12,69
LL-K12-18 -56,95 +3,70 -56,79 +3,32 -57,72 +3,33

The representation in figure 16 confirms the overall tendencies observed in figure 15. There
is a substantial difference between the binding free energy of the ligands SR-4835, LL-K12-
14 and LL-K12-18 over the other ligands. The ligands that show most favourable binding
energies, indicate stronger predicted interactions with DDB1 and CDK12.

Mean AG over last 10 ns of Molecular Dynamics
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Figure 16. Representation of the mean binding free energies (AG) of seven ligands calculated using
the MMGBSA over the final 10 ns of molecular dynamics simulations. Error bars represent standard
deviations.
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e MMGBSA 2 (CDK12-Cyclin K-ligand + DDB1) & MMGBSA 3 (CDK12-Cyclin K +
Ligand-DDB1)

MMGBSA 2 was calculated to assess if the interaction between DDB1 and the rest of the
complex was different depending on the ligand. In the dynamic simulation without any
molecular glue the MMGBSA 2 was also calculated to provide information of how the DDB1
interacts with CDK12.
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Figure 17. MMGBSA binding free energy profiles over 1000 ns of molecular dynamics simulation for
the CDK12-Cyclin K-ligand complex against the DDB1. The solid line represents the mean value of
200 frames (16 ns).
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Figure 18. MMGBSA binding free energy profiles over 1000 ns of molecular dynamics simulation for
the CDK12-Cyclin K complex against the DDB1-ligand complex. The solid line represents the mean
value of 200 frames (16 ns).
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Figure 17 represents the binding of the DDB1 to the complex CDK12-Cyclin K-ligand, while
figure 18 represents the binding of DDB1-ligand to the complex CDK12-cyclin K. In both
cases the systems do not reach an energetic convergence, the function of binding energy
oscillates. Without reaching energetic convergence itis complicated to extract conclusions
of how the different ligands affect the binding energy of the DDB1 protein to the complex.
We will need more time of MD simulations to explore how the proteins behave when
reaching energetic convergence.

The calculation for the ligand free system in MM GBSA 2 provides information about an
interaction between the proteins CDK12 and DDB1 even without ligand. This interaction
(around -90 kcal/mol in relative values) confirms some interactions between the kinase and
the DDB1 protein. Part of this interaction is mediated by the C-terminal of the CDK12 that
bind in the space between the two domains of DDB1.

4.4 MMGBSA pairwise

Per-residue MMGBSA pairwise decomposition of binding free energy contributions (AG) for
all seven ligands was conducted to compare how individual amino acids contribute to their
binding affinities. Figure 19 presents an example of MMGBSA pairwise per-residue
decomposition for the CR8 ligand (other ligand MMGBSA pairwise in supplementary
material 7 and 8). Athreshold was established for allamino acids, and only those with a AG
contribution lower than -1 kcal/mol were selected.

The calculations of MMGBSA pairwise were calculated for a pair of time frames: 960 to 980
ns and 980 to 1000 ns. Selecting the final part of molecular dynamics assures selecting only
frames where both the protein complex and the ligand have reached structural stability and
energetic convergence, respectively.

MMGBSA pairwise CR8 ligand

AG (kcal/mol)

o, %, T, % G Y
% B o %, B

Figure 19. Per-residue MMGBSA pairwise decomposition of binding free energy contributions (AG)
for the CR8 ligands. The chart displays the AG values (in kcal/mol) for key interacting residues, with
error bars representing standard deviations. Blue and orange bars correspond to values from two
different time frames (blue 980-1000 ns and orange 960-980 ns) over the MD simulation. Residues 1-
836 belong to DDB1, 837-1169 to CDK12.

Residues
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A total of 27 amino acids were found to interact with at least one of the ligands. To focus on
the most significant interactions, only residues with an energy contribution lower than -2
kcal/mol were considered. These residues represent the strongest contributors to ligand
binding. Among them, 15 amino acids showed a strong interaction with at least one of the
ligands (figure 20).

The residue numbering corresponds to the concatenated protein complex in the following
order: residues 1-836 belong to DDB1, 837-1169 to CDK12 and 1170-1417 to Cyclin K.

The ligands interact with DDB1 in a significant manner with amino acids ARG624, ARG643
and PHE645.Among these, ARG624 contributes the most to ligand binding, with the CR8
ligand showing the strongest interaction at this site.

Energy contribution to ligand affinity per residue
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Figure 20. Per-residue MMGBSA pairwise decomposition of binding free energy contributions (AG)
for seven ligands. The graph highlights residues with notable contributions to ligand binding affinity
(only AG values below -2kcal/mol).

For CDK12 protein, several residues contribute to ligand binding: ILE855, GLY856, GLU857,
VAL863, LYS878, PHE935, TYR937, MET938, ASP939, ASP941 and LEU988. Among those,
ILE855, TYR937 and MET938 contribute the most to ligand binding.
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MET 938

L 3

Figure 21. Representation of the CR8 ligand bound to DDB1-CDK12 protein complex. The ligand is
shown in grey, DDB1 is coloured in green and CDK12 in orange. Key amino acids residues contributing

to the ligand interaction are highlighted and labelled. Image generated using Mol 3D Viewer from the
RCSB PDB.

PHE 938

\

Figure 22. Representation of the SR-4835 ligand bound to DDB1-CDK12 protein complex. The ligand
is shown in grey, DDB1 is coloured in green and CDK12 in orange. Key amino acids residues

contributing to the ligand interaction are highlighted and labelled. Image generated using Mol 3D
Viewer from the RCSB PDB.
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LEUY.988

Figure 23. Representation of the LL-K12-14 ligand bound to DDB1-CDK12 protein complex. The
ligand is shown in grey, DDB1 is coloured in green and CDK12 in orange. Key amino acids residues

contributing to the ligand interaction are highlighted and labelled. Image generated using Mol 3D
Viewer from the RCSB PDB.

ARG 624

Figure 24. Representation of the LL-K12-18 ligand bound to DDB1-CDK12 protein complex. The
ligand is shown in grey, DDB1 is coloured in green and CDK12 in orange. Key amino acids residues

contributing to the ligand interaction are highlighted and labelled. Image generated using Mol 3D
Viewer from the RCSB PDB.
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5.Discussion

In this work we performed a computational investigation of seven candidate molecular glue
degraders targeting the DDB1-CDK12-Cyclin K complex using molecular dynamics
simulations and MMGBSA binding free energy calculations.

The main differences between the ligands are the side chains attached to the purine base
they share. These side chains give each ligand characteristics that either benefit or hinder
its role as a molecular glue degrader.

Within the group of ligands containing purine bases, two subgroups can be distinguished:
CR8-like and SR-4835-like ligands. The first subgroup includes the CR8 ligand and the
Roscovitine ligand. Roscovitine has a structure that is almost identical to CR8, except for a
difference in the R1 group (figure 2 and 5). In Roscovitine, this functional group responsible
for the binding to DDB1 is shorter, as it lacks one of the aromatic rings present in CR8. This
structural difference results in a binding energy approximately 10 kcal/mol lower for the
Roscovitine complex (figure 15).

Moreover, this gluing moiety plays a key role in anchoring DDB1 to the CDK12/cyclin K
complex. It can be observed that the contribution of the main DDB1 amino acid involved in
ligand binding, ARG624, is significantly reduced in this case (figure 20). This can lead to a
weaker binding strength and a shorter binding time for the complex, potentially preventing
the ubiquitination system from properly catalysing cyclin degradation. In conclusion, a
bulky functional group at the R1 position improves the binding energy with DDB1, as it
allows for better interaction with ARG 624.

Within the SR-4835-like category, the ligands SR-4835, LL-K12-14, and LL-K12-K18 are
included. All ligands in this group show high interaction energy with the DDB1-CDK12-
Cyclin K complex. However, cyclin K degradation has been reported to be much lower in in
vitro studies with LL-K12-14 ligand, with only 29,6% of degradation after 24 hours of 50 nM
treatment in MDA-MB-231 cells?. The structural difference between LL-K12-14 and LL-K12-
K18 lies in their R2 moiety (figures 6 and 7). This R2 moiety is also different from that of their
parent ligand, SR-4835 (figure 4). These ligands exploit an opening between the CDK12
protein surfaces to insert bulkier functional groups. These functional groups contribute key
interactions with residues such as ILE 856, GLU 857, and LEU 998.

Even though there are differences in the energetic contributions of the individual residues
between LL-K12-14 and LL-K12-K18, there is no simple explanation for the observed
difference in cyclin K degradation levels.

As for ligands 919278 and HQ461, they show more structural differences compared to the
others. Ligand 919278 still retains a purine-based functional group that grants it specificity
to the CDK12 active site, but it does not follow the same three-substituent (R1, R2, R3)
model (figure 8). This structural variation results in different energy contributions, with this
ligand showing stronger interactions with residues TYR 937 and MET 938, compared to the
other ligands (figure 20). However, the interaction with the main residue of contact of DDB1
with the ligand (ARG 624) is weaker, which could explain the lower formation of the ternary
complex (ECs0=38+ 1 nm) observed in in vitro studies?.
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As for ligand HQ461 the free energy of binding with the complex has been one of the lowest.
This also confirms the reduced complex formation observed in in vitro (ECso=43 £ 13 nm)
assays %5, making it a poor candidate.

From figures 21 to 24 some key interactions can be determined. The lateral chain of ARG
624 establish n-cation interactions with the aromatic R1 moieties of purine-based ligands.
Moreover, from highlighted residues from the ligand pocket, it is also observable that
hydrophobic interactions are key to ligand affinity. A perfect example is the hydrophobic
lateral chain of ILE 855, residue with the highest energy contribution to ligand binding
energy.

An analysis of the specific hydrogen bonds involved in ligand binding would be important to
assess the flexibility of the ligand. Hydrogen bonds stabilize and anchor the ligand,
maintaining its geometry within the active site. Therefore, analysing both the hydrogen
bonding and the flexibility of the ligands during the simulation could provide valuable
information about differences in their conformations and how these affect their binding to
the protein complex.

Among all the candidates, both SR-4835 and LL-K12-18 are the most potent. SR-4835is a
ligand with complex formation similar to CR8 (EC50 = 16 = 1 nM)®, but thanks to its
pharmacokinetic properties, itis considered a better candidate. LL-K12-18 is the optimized
version of SR-4835, which has been modified at the R2 and R3 substituents. Optimization
of these substituents has led to improved degradation of cyclin K, reaching 96.4%
degradation after 24 hours of treatment at 50 nM in MDA-MB-231 cells, achieving a 50-fold
boost compared to SR-4835. An antiproliferative effect has also been observed in the MDA-
MB-231 (EC50 = 0.37 nM) and MDA-MB-468 (EC50 = 0.03 nM) cell lines?*. Based on these
observations, the LL-K12-18 ligand emerges as the most promising candidate for molecular
glue degrader therapies.

To further advance this line of investigation, future studies should aim to explore the
dynamic positioning of cyclin K within the ternary complex and how it may vary depending
on the ligand bound. It would be interesting to explore whether any of the ligand induce an
allosteric change in CDK12 that propagates to the cyclin Kand alters its orientation, thereby
influencing its degradation. This could explain why certain ligands with strong binding
affinity to the protein complex fail to function effectively as molecular glue degraders. This
serves as a hypothesis to explain the currently observed lack of correlation between ligand
binding affinity and successful DDB1-CDK12-Cyclin K complex-mediated degradation.

One additional approach to advance the research in this field could be the design of a
pharmacophore based on key interactions found in this study, specially those from the most
effective molecular glue degraders. By rationally designing new ligands using the structural
features of the best performing degraders, the pharmacophore would serve as a blueprint
for virtual screening of chemical libraries. The virtual screening would lead to faster
identification of potential drug candidates, which could be evaluated in silico through
molecular docking. The resulting compounds found could improve the binding affinity to
the complex, enhance the degradation rate of cyclin K or have better pharmacokinetics
properties.
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5.1 Limitations of the study

The main limitation of this study lies in the constraints of current computational power. This
in silico study is based on molecular dynamics which are simulations of the physical motion
of atoms within molecules. MD simulate this movement by solving Newton’s equation
repeatedly. Although these simulations rely on a force field that is a set of mathematical
functions and parameters to simulate the molecular behaviour, it allows us to observe
intermolecular behaviours that are difficult to observe experimentally.

For each frame of molecular dynamics, the computer must solve the Newton’s equation for
every atom on the system. The duration of an MD simulation is directly proportional to the
size of the system and the length of simulated time. In this study, simulating the complex of
proteins DDB1-CDK12-Cyclin K for one microsecond required approximately two weeks of
computation time.

As such, the computer power limits how long a system can be simulated. With greater
computational resources, it would be possible to simulate the system for longer times,
enabling us to observe other behaviours of the system that shorter times simulations
cannot capture. For instance, longer simulation could reveal system behaviours such as the
reaction equilibrium or if the ligands are not able to maintain the binding of the complex
could be observed.

It is also important to note that the DDB1-CDK12-Cyclin K complex studied here represent
only a part of the full ubiquitin ligase machinery. If the technological advances allow to
perform molecular dynamics with bigger systems, it would be highly beneficial to modelthe
complete CRL4 system. The simulation of the complete assembly could provide deeper
insights, not only to understand the movement of the proteins bound to the molecular glue
but also understand the special conformation of the whole system. This could help explain
how different ligands modulate the positioning of cyclin K, and why in certain cases, the
RXB1 protein fails to catalyse its ubiquitination.
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6. Conclusion

This thesis set out to explore whether molecular dynamics simulations could help elucidate
the underlying mechanisms behind molecular glue-induced degradation. A total of eight
structures comprising seven different molecular glues (CR8, SR-4835, Roscovitine, 919278,
HQ461, LL-K12-14 and LL-K12-18) and one ligand-free complex were simulated over one
microsecond. The simulations provided insight into the overall behaviour of these
molecular glue systems but also allowed each of the study’s objectives to be addressed in
detail:

e The RMSD and RMSF results confirmed that the complexes remained stable
throughout the simulation time, with minimal structural drift, only specific loops
and protein termini exhibit high fluctuation during the simulation. RMSD overall
trend confirmed that the systems reached structural stability.

e The results aligned with known experimental data on complex binding affinity.
Ligand such as CR8 and SR-4835-like showed stronger binding energies. These
findings did not correlate with cyclin degradation. Although LL-K12-14 binding
affinity was one of the strongest, its degradation activity is not sufficient.

Therefore, the binding affinity of the molecular glue degraders to the protein
complexis not directly proportional to the levels of degradation of cyclin K.

e The key interactions for an effective molecular glue degrader are an R1 moiety with
a voluptuous aromatic group to interact through w-cation with ARG624 and
hydrophobic groups through the R2 and R3 moieties to create hydrophobic
interactions with lateral chains of amino acids in the binding pocket.
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8. Supplementary materials
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Supplementary Figure 1. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with SR-4835 ligand.
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A RMSF DDB1 Roscovitine ligand
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Supplementary Figure 2. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with Roscovitine ligand.
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Supplementary Figure 3. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with 919278 ligand.
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Supplementary Figure 4. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with HQ461 ligand.
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A RMSF DDB1 LL-K12-14 ligand
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Supplementary Figure 5. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with LL-K12-14 ligand.
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A RMSF DDB1 LL-K12-18 ligand
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Supplementary Figure 6. RMSF of the (A) DDB1, (B) CDK12 and (C) Cyclin K protein for the system
with LL-K12-18 ligand.
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Supplementary Figure 7. Per-residue MMGBSA pairwise decomposition of binding free energy
contributions (AG) for the (A) SR-4835 (B) Roscovitine and (C) 919278 ligands. The chart displays the
AG values (in kcal/mol) for key interacting residues, with error bars representing standard deviations.
Blue and orange bars correspond to values from two different time frames (blue 980-1000 ns and
orange 960-980 ns) over the MD simulation.

43



A o MMGBSA pairwise HQ461 ligand

AG (kcal/mol)

o = N b A
%Qqe
N

L

_—
< |5
& E—
%Q’Gl\
& _—
N
& -

AG (kcal/mol)
A

Al O & O L T Dol Kol Rl b Oy B Oy <
5 6, & &, &, ey 0, ‘o, ‘O 9, . S ‘@
A CRIRO % @‘5\6‘6\)‘%29 S B % % ‘9)\9‘9& QD T o B
Residues
C . . .
5 MMGBSA pairwise LL-K12-18 ligand
-8
-7
3 6
£
[}
L 4
(O]
<13
-2
0
B A B A b O S b e B S R b Oy K Oy <
. o, T8, 6, & S B oy 79, o, © o, % 9. <8
% 97‘{976‘6\‘5\%\6*6\)6’0%‘06‘%‘&)&‘9@@97077(%’
Residues

Supplementary Figure 8. Per-residue MMGBSA pairwise decomposition of binding free energy
contributions (AG) for the (A) HQ461 (B) LL-K12-14 and (C) LL-K12-18 ligands. The chart displays the
AG values (in kcal/mol) for key interacting residues, with error bars representing standard deviations.
Blue and orange bars correspond to values from two different time frames (blue 980-1000 ns and
orange 960-980 ns) over the MD simulation.
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