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investigated by molecular dynamics simulation
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As immunotherapy becomes increasingly integrated into cancer treatment, LAG3 (lymphocyte activation gene 3) has
been recognized as an immune checkpoint that plays an important role in tumor immune evasion. FGL1 (fibrinogen-like
protein 1) has been identified as a ligand of LAG3 that mediates immunosuppressive effects through their interaction. While
experimental evidence suggests that Relatlimab can block this interaction, the underlying molecular mechanism remains
poorly understood. To investigate this, we performed molecular dynamics simulations to analyze the LAG3/FGL1 complex
and its interaction with Relatlimab. Our results demonstrate that Relatlimab binding destabilizes the LAG3/FGL1 complex
by inducing conformational changes, thereby weakening the overall interaction. Further analysis of key residues reveals
that Relatlimab disrupts the LAG3/FGL1 binding, particularly affecting the ARG residues of LAG3 and the GLU and ASP
residues of FGL1. These findings provide new insights into the mechanism by which Relatlimab inhibits immune evasion,
offering potential for modulating the structure and stability of the LAG3/FGL1 complex. Additionally, we investigated
the effect of Favezelimab on the LAG3/FGL1 interaction and observed an effect similar to that of Relatlimab. This study
advances our understanding of the roles of Relatlimab and Favezelimab in regulating immune responses and provides

valuable theoretical support for the development of cancer therapies targeting the LAG3 signaling pathway.
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1. Introduction

With the rapid development of immunotherapy, immune
checkpoint inhibitors have emerged as a significant break-
through in cancer treatment, particularly in enhancing the im-
mune system’s ability to target and eliminate tumors.!'=3! The
first generation of FDA-approved inhibitors includes antibod-
ies targeting programmed cell death protein 1 (PD-1) and cyto-
toxic T lymphocyte-associated protein 4 (CTLA-4), which pri-
marily enhance T cell activity by blocking the interaction be-
tween these immune checkpoint receptors and their respective
ligands.!*! However, despite the efficacy of these antibodies in
some patients, particularly in metastatic melanoma, some pa-
tients experience toxicity or resistance.>~’! Therefore, identi-
fying new targets and combining them with existing therapies
has become key to improving therapeutic outcomes. In this
context, LAG3 (lymphocyte activation gene 3), an emerging
immune checkpoint receptor, has gradually attracted the atten-
tion of researchers.®!

LAG3, an
molecule, plays a critical role in the activation and mainte-
nance of T cell function.!>!”! Similar to PD-1 and CTLA-
4, LAG3 is not expressed in resting T cells but is induced
on CD4+ and CDS8 + T cells after antigen stimulation.!!?]
LAG3 suppresses T cell activity through binding to MHC-II
and FGL1, thereby promoting tumor immune evasion, with

important negative immune regulatory
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FGL1 being one of its critical ligands.!3! Relatlimab is a fully
human IgG4 monoclonal antibody targeting LAG3, which can
simultaneously block the interactions between LAG3 and both
MHC-II and FGL1, thereby restoring T cell function. In con-
trast, Favezelimab primarily exerts its immune-activating ef-
fects by blocking the interaction between LAG3 and MHC-II
(see Fig. 1).114-171

FGL1 is secreted by hepatocytes and is highly expressed
in various tumor types such as melanoma, colorectal cancer,
and lung cancer.!"8-201 It suppresses T cell function by binding
to the D1/D2 domain of LAG3, thereby weakening anti-tumor
immune responses.!?!! Studies have shown that high levels of
FGLI1 are negatively correlated with the increase of LAG3 4T
cells and the decrease of CD8 + T cells, further confirming
its key role in immune evasion.[?”! Relatlimab was initially
believed to restore T cell function primarily by blocking the
interaction between LAG3 and MHC-IL 23! However, recent
studies have demonstrated that Relatlimab also effectively
disrupts the interaction between LAG3 and FGLI1, exhibit-
ing a dual inhibitory mechanism.!'®) Compared to blockade
of a single pathway, simultaneous inhibition of both LAG3—
MHC-II and LAG3-FGL1 interactions may further enhance
T cell-mediated anti-tumor immunity. While the mechanism
by which Relatlimab interferes with the LAG3-MHC-II path-
way has been well characterized, its regulatory effects on the
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LAG3-FGLI1 interaction remain poorly understood. Faveze-
limab, another fully human IgG4 monoclonal antibody target-
ing LAG3, has not been reported to block the LAG3-FGL1
interaction to date.!!”->*! Therefore, this study aims to evaluate
the inhibitory effect of Relatlimab on the LAG3-FGLI1 inter-
action and further investigate whether Favezelimab possesses
similar activity, providing new mechanistic insights into their
potential application in cancer immunotherapy.
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Y

/
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Fig. 1. The diagram illustrates the process by which Relatlimab blocks the
interaction between LAG3 and its ligands, MHC II and FGL1. The image
shows LAG3 on the surface of the T cell binding to MHC II and FGL1, while
Relatlimab blocks its interaction with both ligands. In addition, Favezelimab
is also capable of blocking the interaction between LAG3 and MHC II.

In this study, we employed molecular dynamics (MD)
simulations and dynamic network analysis to investigate the
effects of Relatlimab on the interaction between LAG3 and
FGL1. Our results demonstrated that Relatlimab disrupts
the LAG3-FGL1 binding interface and enhances the dynamic
fluctuations within the complex. We also analyzed Faveze-
limab to evaluate its potential impact on the LAG3/FGL1 in-
teraction. Relatlimab treatment led to significant alterations
in the correlation patterns of the LAG3/FGL1 complex, re-
flected by marked fluctuations in multiple eigenvalues and
increased distribution divergence. MD simulations further
revealed that Relatlimab reduced the structural stability and
binding integrity of the complex, increased conformational
flexibility, and induced substantial dynamic changes. No-
tably, Relatlimab weakened the binding affinity of key in-
terface residues, particularly by reducing electrostatic inter-
actions, suggesting its role in modulating immune evasion
mechanisms. Interestingly, Favezelimab also induced notice-
able conformational changes in the LAG3/FGL1 complex, im-
plying its potential to interfere with LAG3-FGL1 binding
and modulate LAG3 function. Overall. these findings pro-
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vide valuable insights into the regulatory mechanisms of Re-
latlimab and Favezelimab, offering theoretical support for the
development of LAG3-targeted immunotherapies. This work
highlights new directions for optimizing immune checkpoint
inhibitors and advancing precision cancer immunotherapy.

2. Materials and methods
2.1. Protein preparation and molecular docking

We evaluated different assembly strategies for construct-
ing the antibody—LAG-3/FGL1 complex, including docking
the antibody to LAG-3 or FGL1 first before introducing the
other component. The results of these trials consistently
suggested that the binding sites of FGL1 and the antibod-
ies on LAG-3 are distinct and non-overlapping. Based on
these observations, and supported by previous studies show-
ing that FGL1 interacts with the D1-D2 domains of LAG-3
through its fibrinogen-like domain (FD), we constructed the
LAG-3/FGL1 complex first and subsequently introduced the
therapeutic antibodies Relatlimab and Favezelimab.!!3! The
three-dimensional (3D) protein structures used in this study
were obtained from the RCSB Protein Data Bank (RCSB-
PDB), with PDB IDs 7TZE and 7TZ2 for LAG3 and FGL1,
respectively, and 7UM3 and 6WKM for the inhibitors Re-
latlimab and Favezelimab.>>! To enhance the accuracy and
reliability of molecular docking, all protein structures were
preprocessed prior to docking. Structural inspection was per-
formed using Swiss—PdbViewer (SPDBV), and non-essential
components such as water molecules, ligands, and small
ions were removed. Molecular docking was performed us-
ing the PyDOCK online server, where the D1-D2 domain of
LAG3 was docked with FGL1 to construct the LAG3/FGL1
complex.?®) Molecular docking generated multiple possible
LAG-3/FGL1 conformations. Based on the DI1-D2 bind-
ing mode reported in the literature and binding free energy
calculations, the most energetically favorable conformation
was selected as the representative model. For antibody dock-
ing, only poses in which Relatlimab and Favezelimab bound
to the D1 domain of LAG-3 were retained, from which the
final models were selected. As no resolved structure of
the LAG3/FGL1 complex is currently available in the PDB
database. the docking model was built based on the crystal

LAG3/FGL1/Favezelimab

Fig. 2. Protein complex: (a) LAG3/FGLI, (b) LAG3/FGL1/Relatlimab, (c) LAG3/FGL1/Favezelimab. Among them, green represents LAG3,
purple represents FGL1, blue represents Relatlimab, and Orange represents Favezelimab.
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structure of the FGL1 FD (PDB ID: 7TZ2). Previous stud-
ies have shown that the FD domain of FGL1 can specifically
interact with the D1-D2 region of LAG3, providing a struc-
tural basis for the complex construction.?”) Subsequently, Re-
latlimab and Favezelimab were docked onto the LAG3/FGL1
complex separately to generate the LAG3/FGL1/Relatlimab
and LAG3/FGL1/Favezelimab complexes. The representative
structures of the constructed complexes are shown in Fig. 2,
highlighting the relative spatial arrangement of LAG3, FGLI,
and the antibodies.

Finally, the structural validation of the obtained docking
models was conducted using the procheck to ensure the spa-
tial conformation was reasonable and reliable for subsequent

molecular dynamics simulations and analyses. 28-30]

2.2. Molecular dynamics simulation

In this study, MD simulations were carried out us-
ing the GROMACS 2023 software package, employing the
GROMOS96 54A7 force field and the three-point water

31.32] The simulation duration was set to 200 nanosec-

model.
onds with a temperature of 310 K. The complex was posi-
tioned at the center of a cubic simulation box, with a minimum
distance of 1.0 nm from the box edges. To ensure system neu-
trality, Na+ and Cl-ions were added. Long-range electrostatic
interactions were computed using the Particle Mesh Ewald
(PME) method.**! Energy minimization was performed via
the steepest descent method, with a maximum of 50000 iter-
ations. The Berendsen thermostat regulated the temperature
at 310 K.3* The system was first equilibrated in the NVT
ensemble for 100 ps, followed by equilibration in the NPT en-
semble, where pressure was controlled using the Parrinello-
Rahman method.?3! A time step of 2 femtoseconds was em-
ployed, and the LINCS algorithm was used to constrain hy-

[36] Finally, a 300-nanosecond production simu-

drogen bonds.
lation was conducted using the same parameters as in the NPT
equilibration phase. Three independent 300-nanosecond tra-
jectory simulations were performed for each system, and the
final results were obtained by averaging the data from the three

trajectories.

2.3. Dynamic cross-correlation matrix analysis

A dynamic cross-correlation matrix (DCCM) analysis
was conducted to investigate correlated motions between dif-
ferent regions of the protein. Each amino acid was represented
as a node, located at its corresponding Cor atom. Coarse-
grained edges were then defined based on residue interactions
within the protein complex, reflecting how the protein folds
into a specific functional structure.3”) The data for the DCCM
analysis were obtained from molecular dynamics simulations
and were computed and visualized using the Bio3d plugin
from the R package.®) Molecular dynamics trajectory files

were first aligned to remove the effects of global translation
and rotation. Atomic fluctuations relative to their average po-
sitions were calculated, and these values were used to generate
the DCCM, with each matrix element representing the corre-
lation in motion between a pair of atoms.!*®) The correlated
motion between residues is expressed by the cross-correlation
coefficient, which is defined as follows:

(0ri(1) -om;(1))
VA(87i(t))?)((67;(1)))

Here, C; ; represents the dynamic correlation between atom i

Cij=

ey

and atom j during the simulation process, where 8r; (¢) and
Or; (t) denote the position vectors of atoms i and j at time 7 in
the simulation, respectively. If the minimum distance between
two atoms is less than 4.5 A, these two residues are consid-
ered to be in a contact state and are represented as such in the
contact map.

2.4. MM-PBSA calculations

MM/PBSA (Molecular Mechanics/Poisson—Boltzmann
Surface Area) is a commonly used method for calculating the
binding free energy between a ligand and a receptor in molec-
ular systems.!*?) It combines molecular mechanics and sol-
vation effect models to estimate the binding free energy of
protein—protein complexes. In this study, we used the AM-
BER toolkit and the MMPBSA.py script to calculate the bind-
ing free energy of LAG3 and the ligand FGLI1 in three sets of
complexes, followed by energy decomposition to determine
the specific contribution of each residue to the free energy.*!]
The contributions to the binding free energy are composed of

the following terms:

AGping = AEMm + AGsoy — TAS, 2
AEMM = AEponded + AEyaw + AEele, 3
AGsolv = AGpolar + AGnonfpolar; (4)

where AGyping represents the total free energy of the protein—
protein complex, AEypy reflects the molecular mechanics en-
ergy, AGoly consists of the free energy of polar solvation and
non-polar solvation, and TAS describes the change in the en-
tropy of the degrees of freedom before and after the molecular
conformational change.

3. Result
3.1. Docking protein model conformational rationality

To verify the conformational plausibility of the protein
complex post-docking, we generated a Ramachandran plot. [4?]
The Ramachandran plot is a commonly employed method to
describe the backbone conformation of a protein, as it dis-

plays the ¢ (phi) and y (psi) dihedral angles of each amino
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acid residue. Specifically, ¢ (phi) represents the rotation an-
gle of the C—N bond to the left of the ¢-carbon in a peptide
unit, while y (psi) represents the rotation angle of the C-C
bond to the right of the a-carbon. In the plot, the distribution
within specific regions reflects the conformational characteris-
tics of the protein’s secondary structural elements or individ-
ual amino acids, while areas outside these regions are typically
regarded as forbidden or inaccessible conformational spaces.
For the protein complex we docked, the Ramachandran plot
showed that more than 97% of the amino acid residues fall
within the allowed and additionally the most favored regions,
indicating that the resulting docking model exhibits a high de-
gree of structural plausibility and is suitable for further molec-
ular dynamics simulations and analysis. The corresponding
Ramachandran plots are provided in The corresponding Ra-
machandran plots are provided in Figs. S1-S3 of the supple-
mentary materials.

3.2. The stability and conformational changes of protein
structure

In this study, we performed a detailed analysis of the
molecular dynamics (MD) simulation results of the complex,
aiming to investigate the mechanism of action of Relatlimab
on the LAG3-FGL1 interaction.[*>*! By calculating the root-
mean-square deviation (RMSD) of the complex, we were able
to systematically assess the structural stability of the complex
during the simulation process. In Fig. 3, we observed that
the RMSD values of the LAG3/FGL1/Relatlimab complex and
the LAG3/FGL1 complex exhibited smooth variation through-
out the entire simlation trajectory, with no significant fluctua-

0.7F — LAG3/FGL1 (a)
0.6 — LAG3/FGL1/Relatlimab
/E\ 0.5F
= 0.4
9) 0.3
g o
= o0.2f
0.1f
0 \ \ \ \ \
0 50 100 150 200 250 300
Time (ns)
0.5
— LAG3/FGL1 (©)
— LAG3/FGL1/Relatlimab
0.4r
— Box1 Box4
g In N
= 0.3
F
0
= 0.2
aef
0.1p

100 150 200 250
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tions, and both systems stabilized after 50 ns of simulation.
This phenomenon suggests that the structure of the complex
reached equilibrium during the simulation, rendering the re-
sults reliable, further supported by shaded error bands repre-
senting standard deviations from independent simulations (see
Figs. S13 and S14 of the supplementary materials). Conse-
quently, we selected the simulation trajectory between 250 ns
and 280 ns for further analysis.

Further investigation revealed that the average RMSD
of the LAG3/FGLI1/Relatlimab complex was 0.474 nm,
while the average RMSD of the LAG3/FGL1 complex was
0.418 nm. After the simulation reached 60 ns, the RMSD
of the LAG3/FGL1/Relatlimab complex remained noticeably
higher than that of the control group, indicating that the bind-
ing of Relatlimab increased the structural fluctuations of the
LAG3/FGL1 complex. More specifically, the binding of Re-
latlimab may cause a change in the interaction between LAG3
and FGL1, thereby increasing the flexibility of the entire com-
plex and amplifying the dynamic fluctuations of the structure.
To further investigate the contribution of residue fluctuations,
we analyzed the root-mean-square fluctuation (RMSF) data
of the LAG3 residues in the LAG3/FGL1/Relatlimab com-
plex and the LAG3/FGL1 complex. As shown in the plot,
the RMSF of the LAG3/FGL1/Relatlimab complex was sig-
nificantly higher than that of the LAG3/FGL1 complex. The
regions marked as box1-box4 in the plot clearly show that the
system containing Relatlimab exhibited enhanced fluctuations,
consistent with previous studies, indicating that Relatlimab ex-
erts a blocking effect on the LAG3/FGL1 complex, interfering

o0.7F— LAG3/FGL1 ™)
—— LAG3/FGL1/Favezelimab

0.6
£
A
w0
=
=
% 50 100 150 200 250 300
Time (ns)
0.5
— LAG3/FGL1 )
— LAG3/FGL1/Favezelimab
0.4F Boxs

RMSF (nm)

0

100 150 200 250

Residue number

50

Fig. 3. (a) Root-mean-square deviation (RMSD) of the Ca atoms of LAG3-FGL1 in the LAG3/FGLI1 complex and the LAG3/FGL1/Relatlimab
complex; (b) RMSD of the Ca atoms of LAG3-FGL1 in the LAG3/FGL1 complex and the LAG3/FGL1/Favezelimab complex; (c) Root-mean-
square fluctuation (RMSF) of LAG3 in the LAG3/FGL1 complex and the LAG3/FGL1/Relatlimab complex, where box 1-box 4 represent regions
with significant RMSF fluctuations under Relatlimab conditions; (d) RMSF of LAG3 in the LAG3/FGL1 complex and the LAG3/FGL1/Favezelimab
complex, where box 5-box 8 represent regions with significant RMSF fluctuations under Favezelimab conditions.
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with its stability and increasing the structural fluctuations
of the complex. The corresponding difference in RMSF
(ARMSF) between the LAG3/FGL1/Relatlimab complex and
the LAG3/FGL1 complex is shown in Fig. S9 of the sup-
plementary materials. In another set of MD simulations, we
analyzed the stability of the LAG3/FGL1/Favezelimab com-
plex. The RMSD of the LAG3/FGL1/Favezelimab complex
was also relatively high, suggesting significant perturbation
to the LAG3-FGL1 complex. This phenomenon was further
validated in the RMSF analysis, where the fluctuations in the
box5-box8 regions were notably enhanced. The correspond-
ing ARMSF between the LAG3/FGL1/Favezelimab complex
and the LAG3/FGL1 complex is shown in Fig. S10.

3.3. Angular changes at LAG3-FGL1 interface

To analyze the dynamic changes at the LAG3-FGL1 in-
terface, the interface angle was used as a descriptor of in-
terfacial conformational changes. Its validity is supported
by a positive correlation with solvent-accessible surface area
(SASA) (see Fig. S4). The interface angles were then calcu-
lated for both the LAG3/FGL1/Relatlimab complex and the
LAG3/FGLI1 complex.[*] During the simulation, the inter-
face angle was defined by the following atoms: O(Argl21),
CA(Phe243), and CB(Trp137).
Fig. 4, it is evident that during the final 100 ns of the sim-
ulation, the interface angle of the LAG3/FGL1/Relatlimab

complex remained relatively stable, indicating a high level

From the figure shown in

of overall structural stability for the complex and further
validating the reliability of the simulation, with the reli-
ability further supported by shaded error bands represent-
ing standard deviations from independent simulations (see
Figs. S15 and S16).
LAG3/FGL1/Relatlimab complex was significantly higher
than that of the LAG3/FGL1complex, with values of 4.01° and
37.28° for the LAG3/FGL1/Relatlimab and LAG3/FGL1 com-
plexes, respectively. This finding provides additional support

The average interface angle of the

for the structural changes induced by Relatlimab upon bind-
ing to LAG3-FGL1. The larger interface angle suggests that
Relatlimab weakens the interaction between LAG3 and FGL1
by inducing structural changes. In the LAG3-FGL1 bound
state, the smaller interface angle indicates a tighter interaction
between the two, while the increase in interface angle after
Relatlimab binding suggests a reduction in the interaction sur-
face area of the complex, which in turn may affect the binding
strength and stability. Furthermore, the increase in interface
angle not only implies a weakening of the direct interaction be-
tween LAG3 and FGL1, but also suggests that Relatlimab may
influence the spatial conformation of the LAG3-FGL1 com-
plex, thereby impacting the overall stability of the complex.
Building on this, we further calculated geometric parameters
such as interface distance and the number of interfacial residue
contacts to more directly evaluate changes in the LAG3-FGL1
interaction.

» ()

. PHE@MCA) 2

ﬁam}sﬂ@{l ‘

FGLY

(b)50—Tags/Faia
— LAG3/FGL1/Relatlimab

}X?*GIZKO)

(c) °O—Tacs/FaLt
— LAG3/FGL1,/Favgpeli

Q °
] 2.73° = }4'02

[=]

<

Time (ns)

3900 220 240 260 280 300
Probability

30
200 220 240 260 280 300
Time (ns) Probability

Fig. 4. LAG3-FGLI interface angle representation: (a) LAG3 is colored in green, and FGL1 is colored in purple. The red spheres represent the selected
residues for the interface angle calculation. (b) Interface angle changes of LAG3-FGL1 in the LAG3/FGL1 complex and the LAG3/FGL1/Relatlimab
complex. (c) Interface angle changes of LAG3-FGL1 in the LAG3/FGL1 complex and the LAG3/FGL1/Favezelimab complex.

The results showed that, following Relatlimab binding,
the distance between LAG3 and FGL1 increased and the num-
ber of interfacial contacts decreased, consistent with the ob-
served trend of an increased interface angle (see Figs. S5-
S8 in supplementary materials). This conformational change
could affect the mode of interaction between LAG3 and FGL1,
thereby playing an inhibitory role in immune evasion mecha-
nisms. Additionally, in the LAG3/FGL1/Favezelimab com-
plex, the interface angle also increases upon antibody binding,
indicating that Favezelimab induces conformational changes
at the binding interface. Consistent with this, the interface
distance increases and the number of interfacial contacts de-
creases, suggesting a weakened interaction between LAG3
and FGL1. These observations mirror the trend seen in the

Relatlimab-bound system and further support the hypothesis
that Favezelimab may exert its immunomodulatory effect by
interfering with the LAG3-FGL.1 interaction.

3.4. Dynamic cross-correlation matrix (DCCM) of LAG3-
FGL1

To further investigate how Relatlimab affects the inter-
action between LAG3 and FGLI1, we performed a dynamic
cross-correlation matrix (DCCM) analysis.’®) DCCM can
reveal the dynamic correlations between different residues
within a protein. In the DCCM graph, the residue correla-
tion is represented in the form of a color matrix. Specifically,
if two residues move in the same direction for the majority
of the simulation frames, their correlation is defined as a pos-
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itive value, represented in cyan, indicating that their move-
ments tend to change in a synchronized manner. Conversely,
if two residues move in opposite directions in most simula-
tion frames, their correlation is defined as a negative value,
represented in red, indicating an anti-correlation between their
movements. Furthermore, a correlation close to zero suggests
that the movement of the residues is nearly uncorrelated or in-
dependent.

As shown in Fig. 5, the region corresponding to LAG3
residues 106-228 and FGL1 residues 130-270 exhibits a no-

Residue cross corrleation

table increase in red areas, indicating that Relatlimab weak-
ens the coordinated motion between interface residues and
enhances their anti-correlation. This change suggests that
Relatlimab significantly alters the dynamic interaction pat-
tern within the complex. A similar pattern was observed in
the DCCM of the LAG3/FGL1/Favezelimab complex, fur-
ther supporting the notion that Favezelimab may exert its im-
munoregulatory effect by disrupting the dynamic cooperativity
of the LAG3-FGL1 interaction. The corresponding ADCCM

results are provided in Figs. S11 and S12.

(c) Residue cross corrleation
.
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Fig. 5. Panels (a)—(c) respectively show the dynamic cross-correlation matrix of LAG3-FGLI in the LAG3/FGL1 complex, LAG3/FGL1/Relatlimab complex,

and LAG3/FGL1/Favezelimab complex.

3.5. The binding free energy of LAG3-FGL1

To gain a clearer understanding of the effect of the drug
on the interaction between LAG3 and FGL1, this study per-
formed the binding free energy (BFE) analysis on both sys-
tems at a microscopic level. The mechanism of action of
Relatlimab is discussed in detail in the main text, while the
related analysis results for Favezelimab are provided in the

el40] (see Ta-

appendix as supplementary material for referenc
bles S5-S7). Binding free energy is one of the key parame-
ters used to assess the strength of molecular interactions, and
it is primarily composed of van der Waals interactions (VD-
WAALS), electrostatic energy (EEL), and polar solvation en-
ergy (EPB). In this study, we utilized gmx_MMPBSA to calcu-
late the interaction energies between LAG3 and FGL1 in both
systems. After extending the simulation to 300 ns, we ob-
served that the system maintained good overall stability over
an extended timescale. Given the low energy fluctuations and
well-equilibrated state in the later stages of the simulation,
we selected the intervals from 250 ns to 280 ns for binding
free energy calculations. This choice ensured that the sampled
conformations were both statistically independent and repre-
sentative of the equilibrated ensemble, thereby enhancing the
convergence and reliability of the MM-PBSA results. The re-
sults (shown in Table 1) showed that the binding free energy
of the LAG3/FGL1 complex was —1708.034 kcal/mol, while
the binding free energy of the LAG3/FGL1/Relatlimab com-
plex was —1405.624 kcal/mol. This result clearly indicates

that the binding free energy of LAG3-FGLI1 decreases after
Relatlimab binding.

Table 1. The binding free energy was decomposed to a van der Waals inter-
action (AEqy), electrostatic interaction (AEee), and polar solvation energy
(AGyolv,pB)- Energies are in units kcal/mol.

Samples AGiotal AE \qw AE e AGyoly
LAG3/FGL1 —-1708.034 -356.787 -2108.029 756.783
LAG3/FGL1/Relatlimab -1405.624 -270.401 -1635.304 500.081

The energy component changes in the two systems
were further analyzed, and the results showed that the
van der Waals interaction energy (VDWAALS) of the
LAG3/FGL1/Relatlimab complex was —270.401 kcal/mol,
whereas the VDWAALS of the LAG3/FGL1 complex was
—356.787 kcal/mol. This difference suggests that Relatlimab
binding significantly weakened the van der Waals interac-
tion between LAG3 and FGL1, thereby reducing the stabil-
ity of the complex. Moreover, the electrostatic interaction
energy (EEL) of the LAG3/FGL1/Relatlimab complex was
—1635.304 kcal/mol, while the electrostatic energy of the
LAG3/FGL1 complex was —2108.029 kcal/mol, indicating
that electrostatic interactions play a crucial role in the binding
of LAG3 and FGL1. Therefore, in future drug design efforts,
disrupting the van der Waals interactions and electrostatic en-
ergy between LAG3 and FGL1 will be key for the successful
development of inhibitors.
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Fig. 6. Panels (a)-(b) respectively show the energy contributions of key residues in LAG3 and FGLI; panels (c) and (d) present the electrostatic
interaction analysis of key residues in LAG3 and FGL1. The energy decomposition of each residue was calculated based on the 150 ns—180 ns

molecular dynamics trajectory.

As shown in Fig. 6, the energy contributions of individual
amino acid residues to the stability of the LAG3-FGL1 com-
plex were analyzed. The analysis revealed that key residues
in LAG3 include ARG106, ARG109, ARGI125, ARG133,
and ARG152, while key residues in FGL1 include GLU131,
ASP139, GLU141, GLU153, ASP238, and ASP240. Notably,
the core residues mediating LAG3-FGL1 binding in LAG3 are
mainly positively charged ARG (arginine) residues and nega-
tively charged GLU (glutamic acid) and ASP (aspartic acid)
residues.

Through PyMOL structural analysis, it was found that
these key residues are highly concentrated in the D1 binding
domain of LAG3, which is crucial for the LAG3-FGL1 inter-
action. The positively charged side chains of ARG residues
are able to form stable electrostatic interactions with the neg-
atively charged GLU and ASP residues on FGL1, promoting
stable binding of the complex. Furthermore, the longer side
chains of ARG residues can further enhance the stability of
the LAG3-FGL1 complex through hydrogen bonding or 7—x
interactions.

Additionally, we observed a significant decrease in
the binding free energy of the key residues in the
LAG3/FGL1/Relatlimab complex. This result indicates that
Relatlimab may interfere with the interactions of key residues
in the LAG3/FGL1 complex, particularly by weakening the

electrostatic attraction and hydrogen bond network mediated
by ARG residues, thereby reducing the stability of the com-
plex. Clearly, the binding of Relatlimab significantly affects
the interaction of the LAG3/FGL1 complex and reduces its
stability to some extent, a result consistent with the previous
computational analyses. The binding free energy (BFE) analy-
sis further suggests that Relatlimab, by disrupting interactions
between key residues, redistributes the energy at the LAG3—
FGL1 binding interface, weakening the overall stability of the
complex.

Through energy component calculations, we further iden-
tified the key residues that contribute most significantly to the
binding process. The analysis revealed that key residues on the
LAGS3 side include ARG106, ARG109, ARG125, ARG133,
and ARG152, while key residues on the FGL1 side primar-
ily include GLU131, ASP139, GLU141, GLU153, ASP238,
and ASP240. These residues play a core role in the bind-
ing interface, especially several ARG residues on the LAG3
side, whose positively charged side chains can form stable
electrostatic interactions with GLU and ASP residues on the
FGL1 side. In addition, we found that after the binding of
Relatlimab, the electrostatic interactions between key residues
generally weakened, with ARG109, ARG152, and ASP240
being the most affected. The numerical values of binding
free energies and electrostatic interactions are provided in Ta-
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bles S1-S4 of the supplementary materials. This further sup-
ports the mechanism by which Relatlimab disrupts the electro-
static attraction between critical residues, thereby reducing the
stability of the LAG3-FGL1 complex, , with the results fur-
ther supported by standard deviations from independent simu-
lations (see Figs. S17-S21 of the supplementary materials).

4. Discussion

Although numerous studies have investigated the block-
ing effect of Relatlimab on the interaction between LAG-3
and MHC-II, its inhibitory effect on the LAG-3/FGL1 inter-
action remains insufficiently explored.[*’*8] To address this
gap, we conducted MD simulations to investigate how Re-
latlimab modulates the LAG-3/FGL1 interaction and thereby
impairs immune evasion. Specifically, we simulated both
the LAG3/FGL1 complex and the LAG3/FGL1/Relatlimab
ternary complex to evaluate the impact of Relatlimab on
structural stability. Comparison of the two systems revealed
that Relatlimab binding markedly perturbs the stability of the
LAG3/FGLI1 complex by inducing conformational rearrange-
ments and redistributing interaction energies, ultimately im-
pairing complex formation. These findings offer new insights
into the mechanism by which Relatlimab disrupts immune
evasion and support its potential as an immunotherapeutic
agent.

Root-mean-square deviation (RMSD) analysis showed
that the LAG3/FGL1 complex is more stable than the
LAG3/FGL1/Relatlimab complex. The addition of Relatlimab
significantly increased structural fluctuations, indicating re-
duced binding stability. As shown in Fig. 3, several regions
exhibited elevated flexibility upon Relatlimab binding, further
confirming a loss of overall structural integrity. In particu-
lar, the interfacial angle between LAG3 and FGL1 increased
following Relatlimab binding, leading to weakened direct in-
teractions. Dynamic cross-correlation matrix (DCCM) analy-
sis further revealed that Relatlimab disrupted coordinated mo-
tions between key residues at the binding interface, in agree-
ment with the RMSD and structural findings.

To further elucidate the effect of Relatlimab on complex
stability, we calculated the binding free energy (BFE) using
the MM-PBSA method. As summarized in Table 1, the BFE
of the LAG3-FGL1 complex significantly increased upon Re-
latlimab binding, indicating a decrease in binding affinity. De-
composition of energy contributions showed that both electro-
static interactions and van der Waals forces were weakened,
suggesting that Relatlimab alters the energy landscape at the
interface. Key residue analysis identified ARG106, ARG109,
ARG125, ARG133, and ARG152 of LAG3 and GLUI131,
ASP139, GLU141, GLU153, ASP238, and ASP240 of FGL1
as critical contributors to the interaction. Notably, the dom-
inant residues in LAG3 were arginine (ARG), while those

in FGL1 were predominantly glutamate (GLU) and aspartate
(ASP). Electrostatic interactions between these residues were
especially important in maintaining complex stability. Af-
ter the binding of Relatlimab, these key electrostatic interac-
tions were significantly weakened, particularly those involving
ARG152, ARG109, and ASP240.

In addition to analyzing the effects of Relatlimab, we
also investigated the role of Favezelimab. Previous studies
have shown that Favezelimab primarily regulates LAG3 func-
tion by modulating its interaction with MHC-II. As such, we
examined whether Favezelimab could also influence LAG3
by affecting its interaction with FGL1. Notably, our simu-
lation results indicate that, compared to Relatlimab, Faveze-
limab has a more pronounced impact on the stability of the
LAG3/FGL1 complex. RMSD analysis reveals that Faveze-
limab binding induces greater structural fluctuations overall,
suggesting a stronger destabilizing effect. This is further con-
firmed by the RMSF analysis, which shows a significant in-
crease in the structural flexibility of LAG3 upon Favezelimab
binding. Furthermore, interface angle analysis demonstrates
that Favezelimab causes more pronounced changes in the rel-
ative orientation between LAG3 and FGL1, which may fur-
ther weaken their binding affinity. DCCM analysis also in-
dicates that Favezelimab binding reduces the level of coordi-
nated motion between LAG3 and FGL1, suggesting that it dis-
rupts the complex’s dynamic behavior to some extent. Taken
together, these findings highlight that Favezelimab may reg-
ulate LAG3 function by altering its interaction dynamics and
structural characteristics with FGL1.

This study elucidates the potential mechanism by which
Relatlimab disrupts the LAG3-FGL1 interaction, highlighting
its role in weakening key electrostatic interactions and coor-
dinated motions at the interface. Additionally, our simula-
tions suggest that Favezelimab may also exert regulatory ef-
fects on this pathway, although experimental evidence is cur-
rently lacking and its exact mechanism remains to be clarified.
We must acknowledge that this study still has certain limita-
tions. Owing to the lack of direct experimental data on the
binding order and dynamic process of LAG-3 and FGL1 in
vivo, the reliability and generalizability of our simulation re-
sults remain limited and require further experimental valida-
tion. In future work, we plan to perform systematic in vitro
studies, including binding site mutagenesis, competition as-
says, and affinity measurements, as well as functional stud-
ies in animal models, to verify and refine our predictions.
In parallel, we aim to resolve high-resolution structures of
the LAG-3/FGL1 complex and its antibody-bound states us-
ing cryo-electron microscopy, thereby directly testing the in-
terface and conformational changes suggested by our simula-
tions. Through these efforts, we hope to progressively enhance
the robustness and biological relevance of our modeling results
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and deepen the mechanistic understanding of LAG-3-targeted
immunotherapy.

5. Conclusions

This study explored the inhibitory effects of Relatlimab
on the LAG3-FGL1 interaction from a molecular dynamics
perspective. The results provided new insights into the mech-
anism of Relatlimab’s action in inhibiting immune evasion
by inducing structural and energetic changes upon binding.
Through molecular dynamics simulations, we found that Re-
latlimab binding significantly destabilized the LAG3-FGL1
complex. Relatlimab binding induced notable conformational
changes and enhanced the structural fluctuations of the com-
plex, thereby weakening the interaction between LAG3 and
FGL1. Both RMSD and DCCM analyses consistently showed
that Relatlimab binding decreased the dynamic correlation
between key residues, resulting in a loss of interface stabil-
ity. Additionally, binding free energy (BFE) calculations fur-
ther validated that Relatlimab binding significantly reduced
the binding stability of LAG3-FGL1, particularly weaken-
ing the van der Waals interactions and electrostatic forces.
Notably, the electrostatic energy contribution of key residues
in LAG3, especially ARG152, ARG109, and ASP240, de-
creased significantly after Relatlimab binding, suggesting that
Relatlimab mainly disrupts the electrostatic attractions and hy-
drogen bond network in the LAG3-FGL1 complex, thereby
weakening its interaction stability. Building upon our in-
vestigation of Relatlimab’s inhibitory effect on the LAG3-
FGL1 interaction, we further explored the potential impact
of Favezelimab. Compared to Relatlimab, Favezelimab bind-
ing induced more substantial conformational fluctuations, in-
creased the flexibility of LAG3, and caused greater changes in
interface angles. Although the reduction in coordinated mo-
tion between key residues was less pronounced than that ob-
served with Relatlimab, DCCM analysis still indicated a cer-
tain degree of dynamic disruption. These preliminary results
suggest that Favezelimab might influence the LAG3-FGL]1 in-
teraction, but its precise mechanism of action requires further
investigation and validation.

In conclusion, this study provides insights into how Re-
latlimab may interfere with the LAG3-FGL1 complex by
modulating its conformational dynamics and energy land-
scape. We also carried out a preliminary exploration of the
potential blocking effect of Favezelimab on the LAG3-FGL1
interaction. These findings offer hypothesis-generating struc-
tural perspectives that may inform the optimization of LAG3-
targeted immunotherapy and guide the development of novel
LAG3 inhibitors.
structural biology with biochemical and functional assays will

Nevertheless, further studies integrating

be essential to validate these proposed mechanisms and to sup-

port the advancement of optimized LAG3-targeted therapeu-
tics.
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