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Abstract

Protein function modulation using small molecule binding is an important therapeutic strategy
for many diseases. However, many proteins remain undruggable due to lack of suitable binding
pockets for small molecule binding. Proximity induced protein degradation using molecular
glues has recently been identified as in important strategy to target the undruggable proteins.
Molecular glues were discovered serendipitously and as such currently lack an established
approach for in-silico design rationale. In this work, we attempt to establish the rationale for a
known case and having inferred the rationale, we discuss how the rationale can be applied in-
silico to design novel molecular glue through Al powered techniques. We believe the
establishing of in-silico rationale for molecular glue design would be a valuable and welcome
addition to the literature to further accelerate the discovery of molecular glues to drug
undruggable targets.

Introduction

Proteins play important functional roles in the human biological system and in disease their
function is either up or down regulated requiring them to be modulated in function using some
therapeutic means of intervention. However only 15% of the human proteome remains
amenable to modulation of function using small molecules and the rest remain undruggable
[1]. An important class of problems which remains challenging or out of scope for the small
molecules is the modulation of Protein-Protein Interaction (PPI) using small molecules. This
is largely due to the lack of presence of druggable pockets in these proteins [2]. Recently, a
certain class of small molecule compounds known as molecular glues were serendipitously
discovered and were successfully shown to modulate PPI interaction [3]. However, for rational
in-silico molecular glue design there is still no established method(s) reported in the literature

[3-6]. In this research we aim to address this gap by appealing to a combination of known and
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novel in-silico methods for small molecules including NCE generation, NCE optimization,

molecular docking, and molecular dynamic simulations for design of molecular glues.

While in-silico approaches for molecular glue design have not been reported in literature, in-
silico approach to design hetero-bifunctional molecules such as PROTAC to induce PPI have
been reported [7-10]. The hetero-bifunctional molecule must have two functional domains that
interact with the two different proteins and bring them together to induce the PPI . While
molecular glue type of molecules also conducts a similar function, hetero-bifunctional
molecules are usually two ligands connected by a linker, while molecular glues is usually a
simple small molecule by construction without a linker but having interacting domains with
both the proteins. Therefore, molecular glues enjoy the properties of a small molecule and do
not suffer from the draw backs of PROTAC type of molecules which usually have
bioavailability and cell permeability issues due to the large size of the molecule. Therefore, it
is more desirable to use molecular glues to induce PPI for applications such as protein
degradation and hence it is important to have a rational in-silico design approach for molecular
glues. We have illustrated an in-silico approach for PROTAC design in our previous work [11]
and building on that experience, the design of an in-silico approach for de novo molecular glue

design is presented here.

In developing our approach, we rationalize molecular glue mediated ternary complex
associated with the PDB ID: 6 TD3 using in-silico methods. The molecular glue associated with
the ID RC8 recruits DNA damage-binding (DDB) protein 1 to tag and degrade Cyclin
dependent Kinase (CDK) which is overexpressed in cancer. The ternary complex formation
mediated by RC8 involving the proteins CDK and DDB is investigated in-silico and rationale

therein derived has been used to design novel molecular glues for the same problem.

Methodology

Molecular glues are small molecules that induce two proteins to interact and in the context of
ubiquitin ligase this leads to protein degradation and has various therapeutic applications. In
the PDB ID: 6TD3, we have a molecular glue that tags Cyclin dependent Kinase (CDK) for
ubiquitination and degradation. This leads to the degradation of the cancer-causing protein. For
this the small molecule with the RCSB ID: RC8 must induce interaction between DNA
damage-binding (DDB) protein 1 and CDK. It does so by forming interactions with the residues

of both the proteins in the pocket formed at the interface of both the proteins.
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We next describe our in-silico approach step by step.

Step 1: The first step in our methodology is to perform protein-protein docking of the two

proteins CDK and DDB1 and generate all possible docked poses of the two proteins.

Step 2: Next, we perform a throughput scripted pocket analysis to identify whether pockets
suitable for small molecules are formed at the interface of all the protein-protein docked poses.

We were able to recover the experimental pose as the leading pose in docking as shown in
figure below. DDB1 was taken as the rigid receptor and CDK as the ligand. The experimental
pose shown in blue is superimposed on the pose recovered from docking shown in orange in
Figure 1 below. The results of the pocket analysis are shown below in Figure 2 where all the

pockets formed at the interface of the two proteins suitable for small molecule presence to

modulate the PPI is shown in golden color.

Figure 1: Experimental pose reproduced in protein-protein docking
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Figure 2: Analysis of the pocket formation at the interface of the two proteins

Step 3: Next step in our methodology is to use generative Al to design a small molecule that
can bind to the pocket residues of both the proteins with the pocket formed at the interface of
both the proteins. We use a mix of generative deep Al to generate small molecules with
desirable binding and suitable ADMET properties. This is followed by a docking like method
to choose the best among them by generating all conformers of the generated molecules and
scoring them with a deep learning-based scoring function for interaction with pocket residues.
The deep learning-based scoring functions are trained on datasets such as PDBbind are able to

pick up interactions between protein residues and small molecules.

As an illustration of our approach, we perform this process for the known ligand referenced
with RCSB ID: RC8 and obtain the experimental pose with all interactions intact and is shown
in Figure 3 below. The ligand has interactions with residues from protein residues belonging

to chain A and B of the two proteins.

Page 4 of 14


https://doi.org/10.1101/2022.10.04.510266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510266; this version posted October 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Figure 3 — Molecular glue mediated interactions

Step 4: To further analyze in-silico, whether the small molecule is able to induce and stabilize
the PP1 we perform a long Molecular dynamics (MD) simulation and check whether the small
molecule interactions with the pocket residues are intact and whether the ternary complex is
stable. We found that the known ligand referenced with RCSB ID: RC8 aided in stable ternary
complex formation and the entire system was stable during MD. Further, in-silico results of the
molecular glues designed by us using our design approach involving small molecules suited to
bind to the residues of interest and with desirable ADMET properties are given below in results
and discussion section. Our entire methodology is captured as a workflow in the diagrammatic

flow in Figure 4 below.

Protein-protein docking, and generation of all possible protein-protein
docked poses

Scanning of all poses for pockets formed at the interface of the
two proteins suitable for small molecules

Al driven de novo molecule design of
molecular glues_with desirable bindin_g with Page 5 of 14
targeted residues from both proteins
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Figure 4 — Molecular glue design workflow

Results and discussion

In order to rationalize the formation of RC8 mediated ternary complex formation involving
CDK and DDB, we performed a molecular dynamics simulation and analyzed the ability of the
RC8 to mediate stable ternary complex formation of CDK and DDB and found that the ternary
complex mediated by RC8 was stable in 50 ns long MD simulation. The RMSD stabilization
plot is shown below in Figure 5. The fluctuations in the RMSD associated with the structure of
the ternary complex become minimal over time meaning there is minimal change in the
position of the atoms and therefore the structure of the ternary complex is stable. The small
molecule RC8 was able to mediate this stable ternary complex formation and it is further
rationalized through analysis of its interaction with the residues from both the proteins at the
protein-protein interface. Though these two proteins natively are energetically not favored to
interact, the molecular glue by interacting with residues from both proteins at the protein-
protein interface, induce energetics in favor of interaction and ternary complex formation. This

is displayed below in Figure 5.
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Figure 5 — Structure stabilization of ternary complex

The ability of RC8 to mediate interaction between CDK and DDB is rationalized to be due to
RC8 having interactions with residues of CDK and DDB which is depicted in the visualization

shown below in Figure 6.

HE1058

Figure 6 — RC8 interacting with DDB and CDK
In Table 1 below the interacting residues are tabulated.

Table 1 — RCS8 interaction with DDB and CDK

DDB (Chain_A) Interaction Type Interacting residues

Hydrophobic 928ARG
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Hydrogen bond 950ASN

CDK (Chain_B) Hydrophobic 815TYR, 813PHE, 756LYS, 754ALA, 733ILE,
T41VAL
Hydrogen bond 816MET

Interaction of RC8 with CDK is strong due the presence of druggable pocket and though the
molecular glue weakly interacting with DDB, it is sufficient to induce proximity of DDB with
CDK to initiate degradation. The ability of molecular glues to act via proximity-based
mechanism opens the scope of using molecular glues to drug undruggable targets via
degradation initiated by molecular glue mediated close proximity of E3 ligase and target of

interest.

Having validated our in-silico rationalization of molecular glue induced PPI through the known
example associated with PDB ID: 6 TD3, we next used our Al driven de novo molecular design
approach to design molecule glues with desired binding properties and favorable ADMET
properties following the protocol mentioned in STEP 3. However, since drug repurposing is
quicker approach to drug discovery, we screened the potential of purchasable drugs to be able
to modulate the PPI interaction and mediate the formation of the ternary complex. The hit
compounds were modified and optimized using deep generative Al models to give potentially
patentable molecular glues to modulate the PPI interaction involving CDK and DDB and
initiate the degradation of CDK. The results of the leading molecular glue candidates to induce

interaction between CDK and DDB1 are shown below in Table 2

Table 2 — Potential Molecular glue candidates for CDK degradation among purchasable drugs

Drug Name | SMILES Binding
Energy

Tolvaptan CclccecclC(Ncleec(C(N2CCC[C@H](c3cc(cee23)[CI)O)=0)c(C)c1)=0 -14.68

Eltrombopag | CC1C(C(N(c2cce(C)e(C)c2)N=1)=0)=NNclcccc(c2ceee(c2)C(0)=0)clO0 | -12.39

Rivaroxaban | [H][C@]1(CNC(c2ccc(s2)[CI])=0)CN(C(=0)0O1)clcce(ccl)NICCOCC1=0 | -12.18

Vilazodone | C(CCN1CCN(CC1)clcec2ce(cl)ecc(C(N)=0)o2)Cclc[nH]c2ccc(C#N)ccl2 -12.07

Lumefantrine | CCCCN(CCCC)CC(clcc(cc2C(=Cc3ccce(cc3)[Cl])c3cc(cec3cl2)[CIDICIDO | -11.78
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In Figure 7 we show the ability of a potential molecular glue candidate Tolvaptan to induce
PPI via its ability to interact with residues of both the proteins at the pocket formed at their

interface.

Figure 7 — Tolvaptan interacting with DDB and CDK

The drug Tolvaptan interacts with the residues of both CDK and DDB which are tabulated in
Table 3 below.

Table 3 - Tolvaptan interactions with DDB and CDK

DDB (Chain_A) Interaction Type Interacting residues
Hydrophobic ARG, ILE

CDK (Chain_B) Hydrophobic LYS, ASP, LEU, ILE, VAL
Hydrogen bond 816MET

Also, we further validated the ability of Tolvaptan to mediate the stable ternary complex
formation involving CDK and DDB. We found that Tolvaptan mediated a stable ternary
complex involving CDK and DDB in a 50-nanosecond long MD simulation and the RMSD

stabilization of Tolvaptan along with the reference RC8 is shown in Figure 8 below.
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Figure 8. Ternary complex stabilization plot

Furthermore, building on the known approved drugs, we used our deep generative Al approach
to generate more promising NCE molecular glues for CDK degradation which are tabulated in
Table 4 below.

Table 4 — Potential NCE Molecular glue candidates for CDK degradation

2D structure Binding | Carcinogenicity | Drug Bioavaila
Energy | * induced bility*
liver
injury*
-14.88 0.141 0.192 0.806
~o I
o)

T
d (Wi .

SAIT — MolGlue - 001

-14.73 | 0.503 0.581 0.263
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—, O
M H—CH
N/ —
Oz
SAIT — MolGlue - 002
-14.17 0.059 0.465 0.956
N
ey
SAIT — MolGlue - 003
O -14.14 0.022 0.016 0.937
(‘xl
‘ l\./‘ O
h ¢
SAIT — MolGlue - 004
-14.03 0.154 0.646 0.668
SAIT — MolGlue - 005

*These are probabilities in [0,1] range. Closer to 1.0 implies highly probable.

As per our in-silico rationale, an ideal molecular glue candidate should pose binding domains

with both the proteins and thereby modulate the PPI/proximity between the protein of interest
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and E3 ligase to initiate degradation. Therefore, in the generation of NCEs through Generative
Al we have optimized for NCEs that have strong non-covalent interactions between protein of
interest and the E3 ligase. The properties of these generated NCEs were also optimized for less
toxicity and better bioavailability. Generated candidates with their in-silico binding, toxicity
and bioavailability predictions are tabulated in Table 4. The binding energy contribution comes
from interaction with residues of both the proteins at the pocket formed at the interface of both

the proteins.

For the first candidate listed in the Table 4, a detailed breakup of the interactions is given below
in Table 5. It is observed that the hydrogen bonds are formed with residues from both the
proteins which would contribute to the stability of the PPI. Further the other non-covalent
interactions picked up Hydrophobic, Salt Bridges and Halogen bond would also contribute to

induce the proximity induced degradation cascade.

Table 5 - Tolvaptan interactions with DDB and CDK

DDB (Chain_A) Interaction Type Interacting residues
Hydrogen bond 607ASN, 628ARG
CDK (Chain_B) Hydrophobic 48LYS, 105PHE, 158LEU, 168ALA
Salt bridges 111ASP
Hydrogen bond 109ASP
Halogen bond 35LYS
Conclusion

Molecular glues which are closer in resemblance to traditional small molecules are a very
lucrative alternative to heterobifunctional PROTACs for target protein degradation as
PROTAC space remains plagued by the permeability and the bio-availability problem which
arise due to the large sizes of PROTAC molecules. However, for molecular glues that were
discovered serendipitously a rational design approach remains still to be established. To
establish the in-silico rationale for molecular glue design, we take a known molecular glue
associated with the PDB ID: 6TD3 and establish the in-silico design rationale for the already
discovered molecular glue RC8. Further, we use an Al driven de novo molecular design toolkit
to design molecular glues with desired in-silico binding and ADMET properties. This
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establishing of in-silico approach to molecular glue design will accelerate high-throughput
screening and designing of molecular glues. Further open a new avenue for the application of

in-silico design principles and methodologies.

Although we did not attempt free energy calculations associated with the molecular glue
mediated ternary complexation event here, such work would add quantitative rationale decision
making value in molecular glue design, which we hope to conduct in our subsequent research

work.

No work is without shortcomings, especially first few attempts at a problem and to our
knowledge this is the first work to establish an in-silico rationale, throughput design and
screening approach for molecular glues and therefore we believe any unreached goals in this
work would be reached by subsequent work from our group or others in the community. More
research for establishing in-silico methods for molecular glue design along the lines we have
attempted here are required to improve our understanding and further validate the in-silico

methods for drug design of molecular glues.
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