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ABSTRACT

Lenalidomide, an immune-modulating drug, has shown promising therapeutic efficacy in treating haematological malignancies.
Lenalidomide’s primary target is Cereblon (CRBN), a widely expressed protein, which plays a crucial role and found in the CUL4-RBX1-
DDB1-containing E3 ubiquitin ligase complex known as CRL4. The interaction between CRBN and DDBI1 results the formation of a CUL4-
based E3 ubiquitin ligase complex. This complex is responsible for the ubiquitination and proteasomal degradation of proteins identified
by CRBN, thereby maintaining cellular homeostasis, survival, division, proliferation, and growth by eliminating non-essential or damaged
proteins. Remarkably, lenalidomide exhibits selective prevention of substrate binding to CRBN through an anti-selective mechanism and
directly binds to CRBN. This mechanism has been extensively linked with treating patients with multiple myeloma-related cancers. In this
study, we employ molecular dynamics simulations to investigate the interaction of lenalidomide with the CRBN protein, the primary target

of immunomodulatory drugs. Our results demonstrate the effective exchange of lenalidomide with its primary target.
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INTRODUCTION

Immunomodulatory drugs (IMiDs) are a class of immune-regulating
medications that contain an imide group."> The IMiD class includes
thalidomide and its analogs (lenalidomide, pomalidomide).
Lenalidomide, marketed as REVLIMID,* gained FDA approval in
September 2011 as a novel thalidomide analogue.>® Lenalidomide
is a phthalimide compound with an amino substitution at position
four and a dioxopiperidin-3-yl group (a chemical functional group)
at position 2 of the oxo isoindoline-1 core, which inhibits TNF-a
secretion. Lenalidomide serves as an anti-angiogenic, anti-neoplastic,
and immunomodulatory agent. Experts classify lenalidomide as an
aromatic amine, falling under the isoindoles subclass of phthalimides
and the piperidones subclass (Figure 1).

Lenalidomide, a drug with multiple mechanisms of action, including
enhancing efficacy in tumour and immune cells, has been studied
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Figure 1: Chemical structure of lenalidomide, the arrow indicates the position
of the phthalimide ring at C3.

*To whom correspondence should be addressed
Email: myoosefian7@gmail.com

extensively.!®"" The immunomodulatory effects of lenalidomide
include altering cytokine production, regulating the simultaneous
activation of T-cells, and enhancing cellular toxicity mediated by
NK cells. Lenalidomide modifies the substrate specificity of the
CRL4CRBN complex to utilize ligase substrates,'? including Ikaros
(IKZF1) and Aiolos (IKZF3),*!* leading to their ubiquitination and
subsequent degradation. The transcription factors Ikaros and Aiolos
have been identified as substrates of the CRL4CRBN-Lenalidomide
drug complex, explaining many of the therapeutic effects of IMiD
compounds on immune and tumour cells.!®

IKZF1 and IKZF3 are transcription factors in B cells that are
essential for B cell differentiation and malignant cell survival. IKZF3,
also known as Interferon 4 (IRF4) regulatory factor,!® is a transcription
factor that controls the expression of specific myeloma genes. The
expression of the IRF4 regulatory factor has shown a reduction in
multiple myeloma cell lines and bone marrow samples from myeloma
patients treated with lenalidomide. Lenalidomide can partly explain
its immunomodulatory effects through the degradation of IKZF3,
ultimately exhibiting pleiotropic activities.

After over a decade of investigation into the mechanisms of
action of lenalidomide, preclinical studies have identified cereblon
(CRBN) in the CRL4CRBN complex as a direct molecular target
for lenalidomides teratogenicity. CRBN interacts directly with
lenalidomide and indirectly with DDBI1, contributing to the teratogenic
effects of lenalidomide. Lenalidomide initiates its teratogenic effects
by binding to CRBN and inhibiting the activity of the E3 ubiquitin
ligase. Recent structural studies have indicated that the interaction
between lenalidomide and CRBN is predominantly mediated through
the glutarimide ring. In contrast, the phthalimide ring, along with a
small region of the brain surface, is involved in interactions with neo-
substrates for ubiquitination within the ternary complex.!”"®

Lenalidomide possesses a chiral center (C3 carbon of the
glutarimide ring) (Figure 1).2° Structural and biochemical studies
have demonstrated that the (S) enantiomer exhibits approximately
tenfold more robust binding to the brain and more significant self-
ubiquitination inhibition compared to the (R) enantiomer, which links
to the teratogenic effects of the (S) isomer. The binding site of IMiD
compounds is a shallow hydrophobic pocket on the surface of CRBN.
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Three tryptophan residues form hydrogen bonds between CRBN and
the glutarimide ring of lenalidomide (Figure 2). The glutarimide ring
represents a characteristic feature of the IMiD class of molecules,
and all examined CRBN-IMiD structures have shown highly similar
intermolecular interactions. Specifically, lenalidomide causes the
CRL4CRBN complex to target the intrinsically disordered ligand
(MEIS2) for degradation (Figure 3). The binding of transcription
factors Ikaros and Aiolos to CRBN requires a similar intermediate
compound, as shown in Figure 4A.° Following drug binding to CRBN,
lenalidomide acts as an intermediate, leading to increased substrate
binding of Tkaros and Aiolos to the E3 ubiquitin ligase complex and
their subsequent degradation, with the highest substrate binding
occurring through the direct interaction of lenalidomide’s C4 amine
and the phthalimide ring (Figure 4B).

Our main objective in this article is to investigate the binding of
lenalidomide to its primary target, the CRBN protein, using molecular
dynamics simulations. This approach allows us to gain insights into
the dynamic behaviour of the lenalidomide-CRBN interaction, which
plays a crucial role in the recruitment and subsequent degradation of
lymphoid transcription factors by the CRLACRBN ligase complex.

METHOD
Molecular dynamics simulations

In this research, we employed molecular dynamics simulations with
the GROMACS program version 2022.4 to investigate the interactions

S-Lenalidomide

Figure 2: Lenalidomide binding to the CBD domain of CRBN protein shown
in magenta, and three aromatic cage of tryptophan (W380, W386, and W400)
are highlighted.

DDB1 (CRL4CREN)

between the drug and protein.?! We retrieved the crystal structure of
the protein and the drug (with code 4TZ4) from the protein database.
To ensure compatibility with the Charmm36 force field,”? the drug
structure has been optimized. We positioned the protein at the
centre of the simulation box for the molecular dynamics simulation,
and introduced the drug molecule into the box. We maintained the
appropriate conditions, including setting the distance between the
protein-ligand complex and the box wall to 1 A. The TIP3P We reduced
the system’s energy and resolved conflicts by applying an energy
minimization algorithm (descent minimization steep = steepest)
for 50 000 initial integration steps. We conducted temperature
equilibration by performing an NVT ensemble simulation at 300K
for one ns,?® employing the V-rescale thermostat. To achieve pressure
equilibration, we simulated an NPT ensemble at 1 bar pressure for
one ns,** utilizing the Parrinello-Rahman barostat.> We conducted
the primary molecular dynamics simulation for 50 ns. We present the
comprehensive list of all system components used in these simulations
in Table 1. In this study, the primary objective was to employ molecular
dynamics simulations to investigate the interactions between the
protein and the drug. The analyses have been aimed to enhance our
understanding of the compound’s impact on lymphoid structures and
tumour cells.

Table 1: The size of the system in the simulation

Protein Drug Sol CL ions Total
number of
atoms in the
system
CRBN Lenalido- 29274 5 93 688
mide
DDB1 (CRLACREN) DDB1 (CRL4%R8N)

ll .l"

- .
L
A

Figure 3: A) Interaction of MEIS2 intrinsically disordered substrate with
CRBN. B) Lenalidomide binding to CRBN and inhibition of MEIS2 substrate.
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Figure 4: A) Schematic representation of the interaction of transcription factors Ikaros and Aiolos with the CRL4-CRBN complex through the intermediary
binding of lenalidomide (highlighted in pink), B) Cartoon representation of the CRL4-CRBN-Lenalidomide complex bound to IKZF1 and IKZF3.
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RESULTS
Molecular dynamics result

We conducted molecular dynamics simulations® to analyze and
investigate the inhibitory effect of lenalidomide on the Cereblon
protein. We used the simulation trajectories to explore various crucial
aspects, including the Root Mean Square Deviation (RMSD) of the
drug at the binding site, the Root Mean Square Fluctuation (RMSF)
of the protein, hydrogen bond interactions between the protein and
the drug, calculation of the distance between the drug and the protein,
as well as the conformational changes in active site residues and the
gyration radius of Cereblon protein. We performed Solvent Accessible
Surface Area (SASA) analysis to assess the exposed surface of the
protein in the presence of solvent.

The results obtained from these comprehensive analyses are
presented in this section of the article, offering valuable insights into
the interaction mechanisms and dynamics of lenalidomide with the
cereblon protein.

System optimization

Different parameters, such as total energy and potential energy, are used
as indicators to investigate the systems stability. Energy minimization
aims to bring the system to its most stable state possible, eliminating
spatial clashes or improper overlaps in the protein-drug complex.
Once the system reaches the minimum energy state, we can initiate the
simulation. Figures 5 and 6 display the profiles of potential and Lennard-
Jones energy?” for the complex throughout the 50 ns simulation.

RMSD analysis

RMSD, or Root Mean Square Deviation,? is a numerical measurement
used to assess the difference between two structures: the target structure
and a reference structure. In the context of molecular dynamics
simulations, RMSD helps us understand how structures change over
time compared to their initial state. This analysis is particularly useful
for studying time-dependent motions and evaluating the degree of
deviation from the starting coordinates, indicating structural stability
throughout the simulation.
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Figure 5: Potential energy graph LENO/CRBN_P system during 50 ns
simulation.
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Figure 7: The RMSD plot of the Ca atoms during 50 ns simulation of LENO/
CRBN_P

By calculating the RMSD of the drug at the binding site of the protein
during a 50 ns simulation, we can investigate the structural stability of
the drug-protein complex. The RMSD values for lenalidomide within
the active site of the protein show relative constancy after the initial 15
ns with an average value of 0.35 nm. This observation suggests that the
complex remains stable and in equilibrium during the simulation. For
a visual representation, please refer to Figure 7, which illustrates the
plot of RMSD over time.

RMSF analysis

Proteins, like all molecules, undergo structural fluctuations under
physiological conditions, and these fluctuations play a crucial role
in the functionality of proteins across various time scales. RMSE
which stands for Root Mean Square Fluctuation,? is a valuable tool
to compute and investigate the flexibility and dynamics of protein
structures upon ligand binding.

In the context of this study, Figure 8 displays the fluctuations of Ca
atoms for each residue in the complexes. From the analysis, it is clear
that lenalidomide does not significantly change the overall flexibility
of the cereblon protein structure at the active site. The reason for this
observation can be attributed to the fact that the active site residues
lie between amino acids 300-400, and lenalidomide does not cause
substantial changes in their dynamics. The overall structural flexibility
of the cereblon protein remains relatively unaffected by the presence
of lenalidomide at the active site.

H-Bond analysis

Hydrogen bonding occurs when a weakly positive hydrogen atom in
onemoleculeisattracted to ahighly electronegative atom in another.3-34
Analyzing the number of hydrogen bonds formed between the drug
and the protein provides valuable insights into the drug’s affinity for it.
It plays a crucial role in stabilizing the drug-protein binding.
According to the results obtained in this study, there are
approximately 2 to 3 hydrogen bonds between the protein and the
drug. Notably, most of these hydrogen bonds are formed at the binding
site, explicitly involving the Trp380(C) and His378(C) residues of the
protein and the drug (Figure 9). This observation suggests that these
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Figure 6: Lennard-Jones energy graph LENO/CRBN_P system during 50 ns
simulation.
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Figure 8: Root-mean-square fluctuation (RMSF) plots of Ca atoms for LENO/
CRBN_P
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specific residues play a significant role in forming hydrogen bonds and
contribute to the stability of the drug—protein complex.

Rg analysis

Analyzing the radius of gyration (Rg) provides valuable insights into
the structural characteristics of the protein-drug complex throughout
the molecular dynamics (MD) simulation.* The radius of gyration
(Rg) is defined as the distribution of atoms of a protein around its
axis. In this study, we calculated the Rg values for the LENO/PR
complex during the 50 ns MD simulation (Figure 10). The observed
average Rg value for the LENO/PR complex was approximately
2.31 nm. This value suggests that the protein-drug complex maintains
a relatively compact and stable structure throughout the simulation.
The consistent Rg values indicate that the complex remains in a
well-defined conformation, demonstrating its structural stability for
simulation.

Distance analysis

The fluctuation in the distance between the protein and the drug over
time is a crucial parameter to assess the stability of the protein-drug
complex. When the length increases, it suggests that the protein and
the drug are not interacting strongly, and the complex may be less
stable. Conversely, when the distance remains relatively constant, the
protein and the drug maintain a regular interaction throughout the
simulation.

Analyzing the fluctuations in the protein-drug distance helps
researchers understand the dynamic nature of the protein-drug
complex and its binding interactions.’® The constant distance
observed at certain time intervals may indicate the formation of stable
binding pockets or hydrogen bonds between the protein and the drug,
contributing to the overall stability of the LENO/PR complex.

Figure 11 illustrates the distance between the protein and the drug
during the 50 ns simulation. According to the Figure 11, a significant
peak is observed for the LENO/PR complex, indicating that the
protein and the drug have moved away, resulting in fewer contacts
between them. However, at different time points, the distance
between LENO/CRBN_P remains relatively constant, around 0.2 nm.
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Figure 9: Number of hydrogen bonds between LENO and CRBN_P
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Figure 11: The distance between the protein and the drug during the 50 ns of
simulation.

Number of contact analysis

The contact analysis between lenalidomide (LENO) and CRBN protein
(CRBN_P) was performed to investigate the contacts between these
two molecules during the molecular dynamics simulation. Figure
12 illustrates the changes in contacts over 50 ns of simulation time.
At the beginning of the simulation, when LENO and CRBN_P are
initially distant from each other, the number of contacts is relatively
low. As time progresses, the interactions between LENO and CRBN_P
increase, leading to a rise in the number of contacts.

Between 20 to 30 ns, the number of contacts reaches its maximum
value of 80, indicating a substantial level of interaction between
LENO and CRBN_P. This period represents a significant and robust
binding event between the drug and the protein, where they establish
multiple contacts.

The decrease in the number of contacts after the peak could be due
to conformational changes in the complex or temporary dissociation
of the drug from the binding site. Despite the fluctuations in the
number of contacts, the interaction between LENO and CRBN_P
remains present throughout the simulation, showcasing the dynamic
nature of their binding.

This contact analysis provides valuable insights into the specific
residues and regions of the protein involved in the interactions with
the drug, shedding light on the crucial binding events that underlie the
inhibitory effect of lenalidomide on the CRBN protein.

SASA analysis

The SASA (solvent-accessible surface area) analysis offers valuable
insights into the surface properties of the LENO/CRBN_PR complex
and its interactions with the surrounding solvent, providing a better
understanding of potential functional roles and structural changes
induced by solvation effects during the molecular dynamics simulation.”

As depicted in Figure 13, the solvent-accessible surface area (SASA)
for the LENO/CRBN_PR complex is approximately 200 nm”. SASA
(solvent-accessible surface area) is a measure of the surface area
of a molecule that is accessible to the solvent. It provides valuable
information about the exposed regions of the protein and the drug in
the complex.
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Figure 10: radius of gyration (Rg) of Protein during 50 ns simulation of LENO/

CRBN_P
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Figure 12: Number of contacts between LENO and CRBN_P during the 50 ns
of simulation
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The observed solvent-accessible surface area of 200 nm? indicates
that a significant portion of the LENO/CRBN_PR complex is exposed
to the surrounding solvent. This suggests that the complex has regions
accessible for interactions with solvent molecules. The interaction with
the solvent may influence the conformational changes and behaviour
of the complex, potentially affecting its overall function and behaviour
in the biological environment.

DISCUSSION

The molecular dynamics simulations of the LENO/CRBN_P complex
have provided valuable insights into its structural and dynamic
behaviour. The analysis of various parameters, such as RMSD, RMSE,
hydrogen bond interactions, distance calculations, and solvent-
accessible surface area (SASA), has shed light on the interactions
between lenalidomide (LENO) and the CRBN protein (CRBN_P).

The RMSD analysis revealed that the LENO/CRBN_P complex
reached a stable state after approximately 20 ns of simulation,
indicating that the complex achieved equilibrium and maintained a
relatively constant overall structure during the simulation.

The RMSF analysis showed that lenalidomide in the active site of the
CRBN protein did not significantly affect the overall flexibility of the
protein. Results show that the binding of lenalidomide did not induce
significant structural changes in the CRBN protein, and the complex
remained stable throughout the simulation.

The analysis of hydrogen bond interactions between LENO and
CRBN_P demonstrated that the complex formed between 2 to 3
hydrogen bonds. These hydrogen bonds are crucial for stabilizing the
drug-protein interaction, and their presence indicates the favourable
affinity of lenalidomide for the CRBN protein.

The distance analysis showed that lenalidomide and the CRBN
protein exhibited close interactions during the early stages of the
simulation. The number of contacts increased to a maximum value
of 80 within 20 to 30 ns, indicating significant interactions between
the two molecules. However, after this time, the number of contacts
gradually decreased, suggesting a reduction in clashes or steric
hindrances between the drug and the protein.

Moreover, the solvent-accessible surface area (SASA) analysis
provided an estimate of the surface area exposed to the solvent by the
LENO/CRBN_P complex. The calculated SASA value of approximately
200 nm? indicates a substantial portion of the complex is accessible
to the solvent. This exposure to solvent molecules can influence the
dynamics and stability of the complex and potentially modulate its
functional properties.

CONCLUSION

In this study, we investigated the interactions between the drug
lenalidomide and the CRBN protein using molecular dynamics
simulations. We simulated the drug-protein interaction in an
aqueous solvent and NPT ensemble with the CHARMM36 force field
for 50 ns.
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Figure 13: showed the solvent-accessible surface area (SASA) for the LENO/
CRBN_P complex

Based on the results, we can infer that lenalidomide binds to its
primary target, the CRBN protein. It exhibits desirable interactions
and can potentially form the CRL4CRBN-Lenalidomide complex
to recruit transcription factors Ikaros and Aiolos. These findings
contribute to a better understanding of the drug—protein interaction
and its potential implications in targeted therapies for various diseases.
However, further experimental studies are warranted to validate and
expand the simulation results, thus enhancing our knowledge of this
drug-protein complex and its biological implications.
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