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Abstract

NOTCH, a single-pass transmembrane protein, plays a crucial role in cell fate determination through cell-
to-cell communication. It interacts with two canonical ligands, Delta-like (DLL) and Jagged (JAG), located
on neighboring cells to regulate diverse cellular processes. Despite extensive studies on the functional roles
of NOTCH and its ligands in cellular growth, the structural details of full-length NOTCH and its ligands
remain poorly understood. In this study, we employed fragment-based modeling and multiscale simulations
to study the full-length structure of the human NOTCH ectodomain, comprising 1,756 amino acids. We
performed coarse-grain dynamics simulations of NOTCH in both glycosylated and non-glycosylated forms to
investigate the role of glycosylation in modulating its conformational dynamics. In apo form, coarse-grained
simulations revealed that glycosylated NOTCH protein can transition from an elongated structure of ~86 nm
from the membrane surface to a semi-compact state (~23.81 4+ 9.98 nm), which aligns with cryo-EM data.
To transition from the apo form to ligand-bound forms of NOTCH, we followed an atomistic and integrative
modeling approach to model the interactions between NOTCH-DLL4 and NOTCH-JAG1. Atomistic
simulations of the smaller bound fragment EGF8-13 patch revealed conformational plasticity critical for
NOTCH binding, while integrative modeling of full-length complexes suggested a larger binding surface
than previously reported. Simulations of pathogenic mutations revealed that E360K and R448Q) disrupted
the NOTCH-ligand interaction surfaces, causing dissociation. In contrast, C1133Y in the Abruptex domain
compromised protein stability by disrupting the domain’s interaction with the ligand-binding domain in the
apo form of NOTCH-ECD. These findings provide a detailed molecular understanding of NOTCH and its
ligands, offering insights that could enable the development of novel therapeutic approaches to selectively
target pathogenic NOTCH signaling.

Significance

We report the modeled structure and dynamics of the large membrane protein, human NOTCHI1 extracellular
domain, using a fragment-based modelling approach. This model allowed us to explore its dynamics in both
apo and ligand-bound states with the canonical NOTCH ligands DLL4 and JAG1. Key structural features



of NOTCH]I, including glycosylation, ligand-binding interactions (DLL4 and JAG1), and the mapping of
pathogenic mutations, were thoroughly examined. These complex structural elements, which influence
protein function and receptor-ligand dynamics, provide crucial insights into the molecular basis of NOTCH
signaling. Understanding these features opens new avenues for developing targeted therapeutics to modulate
NOTCH receptor activity, which could be vital for treating diseases like cancer and developmental disorders.

Introduction

NOTCH is an evolutionarily conserved signaling pathway across all metazoans [1]. The central protein
in this pathway, NOTCHI (referred to as NOTCH hereafter), is a multi-domain protein consisting of
approximately 2500 amino acids (Figure 1). It is initially synthesized as a single precursor, which undergoes
proteolysis, yielding two fragments: the extracellular domain (ECD) and the intracellular domain (ICD) [2].
The human NOTCH-ECD is composed of 36 Epidermal Growth Factor (EGF)-like repeats followed by a
Negative Regulatory Region (NRR) and a transmembrane (TM) region [3]. Apart from providing structural
integrity to the NOTCH protein, the EGF-like repeats also serve as the platform for receptor-ligand
binding [4]. In particular, NOTCH binds with two canonical ligands that are also transmembrane proteins,
namely Delta-like protein (DLL) and Jagged (JAG) present on the neighbouring cells [5,/6]. Interestingly,
binding different ligands at the NOTCH-ECD results in distinct functional outcomes, but the complete
structural details of NOTCH and its ligands remain largely unknown, hindering our understanding of the
molecular basis of binding specificity.

Structural insights into NOTCH-ligand complexes have been reported, but these are limited to only a few
EGF-like repeats. For example, in an NMR-derived structure, EGF11-13 of the NOTCH-ECD was solved,
revealing that EGF11-12 adopts a distinct, elongated shape, with pair-wise domain linkage significantly
affecting structural stability [7]. In 2016, another segment containing the EGF4-7 region of human NOTCH
was solved using NMR and X-ray crystallography that revealed a bent conformation, thereby changing the
classical view of NOTCH protein as a rigid linear structure [§]. In a recent cryo-EM study, three flexible
conformations of NOTCH were observed and it was proposed that NOTCH undergoes several bending
motions |9]. Furthermore, another contributing factor to NOTCH-ECD structural basis is glycosylation
modifications on the EGF-like repeats. Previous studies on a single EGF-like repeat including O-glucose
and O-fucose consensus sites demonstrate that the two glycans contribute to the stability of the fold [10].
However, due to the complexity of membrane association and solubility, the complete structure of NOTCH
remains unresolved. In addition, ligand-bound states of NOTCH have also been recently resolved. In
particular, EGF11-13 in complex with DLL4 fragment revealed that the two proteins exhibit a co-linear
conformation and interact in an anti-parallel fashion [11]. Further, a three-dimensional structure of NOTCH
EGF8-12 and a segment of JAG1 revealed an extended binding interface that spans all five domains [12].
These developments provide important information about ligand binding but leave a significant gap in
the complete molecular understanding of NOTCH-ligand binding and its dynamics, especially with regard
to mutations affecting this process. In particular, mutations in the NOTCH receptor and its ligands are
associated with cancers and genetic disorders such as Alagille syndrome, CADASIL, and T-cell acute
lymphoblastic leukemia (T-ALL) [13H15]. These mutations often disrupt the receptor’s ability to bind with
its ligands [16], alter the intracellular signaling cascade [15], or affect receptor processing [17], resulting in
dysregulated cell fate determination.

In this work, we utilised multiple contemporary computational approaches to investigate the structure
and conformational dynamics of the NOTCH receptor in its apo and ligand-bound states. Employing
fragment-based homology modeling, we first generated NOTCH extracellular domain with TM region and



Fig 1. A schematic overview of NOTCH receptor-mediated cell-to-cell communication with
ligands. NOTCH present in one cell binds to the extracellular region of its ligands, DLL4 or JAG1 on the
adjacent cell in a trans-manner to activate the signaling cascade. The NOTCH receptor primarily consists
of NOTCH-ECD and NOTCH-ICD. The NOTCH-ECD consists of 36 EGF-like repeats (pink) followed by
the NRR (green). The NOTCH-ECD interacts with its ligands via consecutive EGF-like repeats that result
in diverse cellular outcomes.

extended fragment of C-terminal comprising ~1700 residues, with 36 EGF-like repeats, the catalytic domain
NRR, the TM region, and a part of cytosolic C-terminal. To assess its dynamic properties, we performed
coarse-grained molecular dynamics simulations of both glycosylated and non-glycosylated NOTCH-ECD in
the apo state, revealing that it does not remain linear but adopts multiple folded conformations, driven
by flexible N-terminal EGF-like repeats and relatively stable repeats closer to the membrane. We utilized
both atomistic and integrative modeling techniques to explore its interactions with NOTCH-DLL4 and
NOTCH-JAGI. Lastly, we explored whether the proposed structural framework could be used to map three
key pathogenic mutations, helping us understand their impact on overall structural stability as well as local
interactions. Thus, we present a comprehensive pipeline of multiscale simulations and modeling to reveal
the atomistic binding of these supramolecular membrane complexes, which were previously understudied.

Materials and methods

Generation of the full-length human NOTCH-ECD receptor

Figure S1 shows a schematic of the workflow to model the NOTCH-ECD structure and a detailed description
of the modeling procedure is listed below for replicability. The initial step involved compiling input from
available experimental data. The human NOTCH-ECD consists of ~1700 amino acids, organised into 36
EGF-like repeats. The experimental structures for 10 out of 36 EGF-like repeats; EGF4-7 (PDB ID: 5FM9),
EGF8-12 (PDB ID: 5UK5), EGF11-13 (PDB ID: 2VJ3, 4XLW) were available [8,11.|12,/18]. The EGF-like
repeats display conserved structural features, including a characteristic anti-parallel S-sheet fold, and six
cysteines that form three disulfide bonds [7,19]. Additionally, structural information was available for the
NRR domain, determined via X-ray crystallography, and for the transmembrane (TM) region, characterized
by NMR conformers [20,121]. Collectively, these known structures covered approximately ~42% of the
complete NOTCH-ECD. Thus, the unresolved regions in the complete human NOTCH-ECD correspond to
the missing structures of EGF1-3 and EGF14-36.

The second step involved fragment-based homology modeling to reconstruct the missing EGF-like repeats
(EGF1-3 and EGF14-36). Using the PROBCONS standalone version 1.12 [22], pairwise sequence identity
percentages between the missing EGF sequences and the known structures of EGF4-13 were computed.
Based on the sequence identity matrix shown in Figure S2, templates for each missing EGF-like repeat were
selected, with identity scores ranging from approximately ~40-62%. Homology modeling for the individual
repeats was then performed using the I-TASSER webserver, and the models with the highest confidence
scores (C-scores) were selected for further analysis (Table S1) [23]. The structural models were evaluated for
three key conserved characteristics: (i) the anti-parallel S-sheet structure, (ii) the presence of six cysteines,
and (iii) the formation of three disulfide bridges. Additional structural validation was performed using the
SAVES v5.0 webserver, which included assessments with the Ramachandran plot, ERRAT, and Verify3D
scores. These tools provide a statistical measure of the local environment preference for each residue,
considering factors such as buried area, side-chain orientation, and local secondary structure (Table S2) |24].



The modeled EGF-like repeats were further subjected to refinement using the ModRefiner webserver in
order to obtain the refined high-resolution secondary structures [25].

The third step involved generating eight larger EGF fragments and performing MD simulations. EGF-like
repeats were concatenated using standard peptide bond criteria (C-N length=1.33 A, dihedral angles w
= -90°, ¢ = 120°) to build structural patches. Two fragments (EGF4-9 and EGF10-13) were available
from NMR data [§]. To account for the flexible EGF9-10 interface, multiple orientations were generated by
adjusting torsional angles. In total, eight fragments (EGF1-3, EGF4-13, EGF14-17, EGF18-20, EGF21-24,
EGF25-28, EGF29-32, EGF33-36) were built and refined through 500 ns of MD simulations in a solvated
triclinic box with Na™ /ClI" ions for neutralization. Each system underwent two-step energy minimization
using the steepest descent followed by the conjugate gradient. EGF-like repeat patches were position-
restrained at the first and last residues, equilibrated at 310 K and 1 bar with a v-rescale thermostat and
Parrinello-Rahman barostat. PME summation was used for long-range electrostatic interactions, with
cutoffs set at 1 nm for real-space and van der Waals interactions. A control test was done to select force-field
and two simulations for each EGF patch were performed using OPLS-AA and Charmm36-AA force fields.
The average structural deviation in EGF patches simulated using OPLS and Charmm36-AA was observed
to be 1.07 +/- 0.20 nm and 1.41 +/- 0.23 nm, respectively. Since OPLS-AA provided more stable secondary
structure and dynamics, it was used for further refinement (Figure S3-S4). The final production run with
all-bond constraints was performed in GROMACS using the OPLS-AA force field.

The final step involved assembling the complete NOTCH-ECD structure and validating the model
extensively. Eight refined EGF patches were combined into a single structure using standard peptide bond
criteria. The EGF-like repeat domain was linked to the NRR crystal structure (PDB ID: 3ETO) and
anchored to the TM region (PDB ID: 5KZO) for full-length assembly [20,[21]. Geometric checks, including
main-chain bond lengths and angles, were performed using Ramachandran plot and Procheck [24]. The
model underwent refinement through the steepest descent and conjugate gradient energy minimization.
Domain-wise validation was conducted against available X-ray and NMR structures for NOTCH EGF4-13,
NRR, and TM regions.

AlphaFold, a cutting-edge tool for three-dimensional structure prediction [26}27] was reported after
our model was generated. While AlphaFold has been effectively used in our previous studies to investi-
gate autophagy pathways [28], its application to large transmembrane receptors, such as NOTCH-ECD,
remains challenging. The full-length AlphaFold-predicted structure exhibited implausible domain-domain
orientations, as illustrated in Figure S5. However, a comparison of EGF-like repeat models of EGF1-3
and EGF14-36 predicted by I-TASSER and AlphaFold (version 2.3.1) provided similar results (Figure S6).
AlphaFold models were predicted with high confidence, achieving average pLDDT scores of 80.24 to 95.47.
Structural comparison showed RMSD deviations of 0.43-0.96 A between the I-TASSER and AlphaFold
models (Figure S7).

Coarse-grain molecular dynamics simulations of the full-length non-glycosylated and
glycosylated apo NOTCH-ECD

The full-length all-atom human NOTCH-ECD structure was converted into the coarse-grained model
using the Charmm-GUI Martini Solution Maker and employing the Martini elnedyn22 force field [29,30].
The NOTCH-ECD transmembrane region was position restraint applied to the TM region and the C-
terminal (1736-1771 a.a.) with a force constant of 1000 kJ mol! nm™2. The structure was placed in a
box with dimensions of 60 x 60 x 110 nm. 103 Na™ ions were added to neutralize and Martini water
representation was used to solvate both the NOTCH-ECD systems. The simulations were carried out



using GROMACS version 2018.3 by employing the Martini elnedyn22 force field [31]. The systems were
subjected to energy minimization using the steepest descent method. In order to understand the impact of
glycans on NOTCH folding dynamics, we also generated the fully-glycosylated model of coarse-grained
NOTCH-ECD. NOTCH-ECD harbours 36 Ser/Thr consensus sites, C2-X-X-X-X-(S/T)-C3 (where X is
any amino acid) which undergo glycosylation (Table S3) [32H34]. As shown in Figure S8, the core part
of the coarse-grained structure for glucose, fucose, and GlcNAc consists of three beads, while the fourth
bead in GlcNAc represents the N-acetyl group [35]. The fully glycosylated coarse-grained NOTCH-ECD
model was placed in a box with dimensions of 120 x 120 x 120 nm with position restraint applied to the
TM region and the C-terminal (1736-1771 a.a.) at a force constant of 1000 kJ mol™* nm™. Three replicas
for the non-glycosylated form of NOTCH-ECD were subjected to production MD of 10 us each. The fully
glycosylated NOTCH-ECD system was subjected to 1 ns of simulation time. The end-to-end distance
between the first and last EGF-like repeats was computed in VMD across three trajectories, where the
backbone atoms of the first residue of EGF1 (ARG20) and the last residue of EGF36 (HIS1426) were
selected as the two reference points. Contact matrices (cut-off = 1 nm) to track regions in contact during
NOTCH-ECD folding were generated using MDAnalysis [36].

Generation of atomistic NOTCH complexes with DLL4 and JAG1

We analyzed the sequence similarity between human and rat NOTCH1 (91%), DLL4 (87%), and JAG1 (96%)
proteins. Using the truncated crystal structures of NOTCH-DLL4 (PDB ID: 4XLW) and NOTCH-JAG1
(PDB ID: 5UK5) from rat, we generated equivalent complexes with interfaces containing NOTCH EGFS-
13 [11,$37]. The NOTCH in the NOTCH-DLL4 complex structure (PDB ID: 4XLW) contains EGF11-13
fragments for NOTCH and MNNL, DSL, and EGF1-2 units for DLL4. Whereas, the NOTCH-JAG1
complex (PDB ID: 5UK5) comprises NOTCH EGF8-12 and MNNL, DSL, and EGF1-3 units of JAG1. Since
the interface for these complexes is not comparable, we generated the NOTCH-DLL4 and NOTCH-JAG1
complexes with equivalent interfaces. The NOTCH-DLL4 complex model had an RMSD of 1.02 A compared
to the crystal structure, while the NOTCH-JAG1 complex showed no deviation. Ligand mutations from
Luca et al. to improve affinity were retained in the NOTCH-JAG1 model (S32L, R68G, D72N, T87R, and
Q182R), specifically in the MNNL region of JAGI.

All-atom molecular dynamics simulations of NOTCH-DLL4 and NOTCH-JAG1

The NOTCH-DLL4 and NOTCH-JAG1 complexes containing equivalent NOTCH (EGF8-13) were pre-
processed and placed in a triclinic box of size approximately 10 x 20 x 10 nm. TIP3P water representation
was used to solvate the system and for neutralization 15 and 12 Na™t ions were added to N1-DLL4 and
N1-JAG1 systems, respectively. The simulations were carried out using GROMACS version 5.1.4 by
employing OPLS all-atom force field [31]. Particle Mesh Ewald (PME) summation using the grid spacing
of 0.16 nm was used combined with a fourth-order cubic interpolation to deduce the forces and potential
in-between grid points. The van der Waals cut-off was set to 1.0 nm. The initial systems were subjected to
energy minimization using the steepest descent method followed by the conjugate gradient. Temperature
and pressure were maintained at 310 K and 1 bar using the V-rescale thermostat and Parrinello-Rahman
barostat, respectively [38,39]. Finally, these prepared systems for NOTCH-DLL4 and NOTCH-JAG1
complexes were subjected to the production MD run in four replicates for 5 ps each corresponding to a
total runtime of 40 ps. Trajectory analysis was carried out using various gmx modules and hydrogen bonds
calculation was performed using gmx hbond module with the default cut-off as 0.35 nm. All the molecular



images were rendered using Chimera, ChimeraX, and VMD [40-42]. The graphs were generated using
MATLAB version R2022a, GRACE-5.1.22 program, and Python libraries.

Integrative complexes of full-length NOTCH-ligand extracellular domains

Integrative structure determination of NOTCH-ligand complexes was carried out as shown in Figure S9.
The atomistic model of NOTCH-ECD (1-1756 a.a.) was utilized to generate the NOTCH coarse-grained
model, while the full-length extra-cellular regions of DLL4 and JAG1 were modeled using experimental
inputs, such as truncated crystal structures of constituent protein domains, identification of flexible and
rigid domains in NOTCH and its ligands from X-ray crystallography, Ca*? binding experiments, NMR
(heteronuclear Overhauser effects, residual dipolar couplings), and stereochemistry, i.e., excluded volume
and connectivity information in Modeller (Table S4) [8||11,[12,43-46]. Followed by which the NOTCH-DLL4
and NOTCH-JAG1 complexes were generated in 1:1 stoichiometry. Each protein was represented by a
series of connected spherical beads coarse-grained at multiple scales. Regions of the unknown structure
were represented by 30-residue beads modeled as flexible strings of beads. In contrast, regions with known
crystal co-ordinates were represented simultaneously by 1- and 10- residue beads and modeled as rigid
bodies, where the relative distances between beads is fixed during sampling.

To balance computational efficiency and modeling accuracy, multiple domains with known crystallized
fragments were grouped in a single rigid body. The grouping of domains in rigid bodies was based on the
identification of flexible and rigid domains in NOTCH and its ligands as shown in previous structural studies
(Figure S9) [8/43,44]. In addition, we included the experimental data suggested by NMR and Ca*? binding
measurements that show consecutive calcium-binding EGF-like repeats in NOTCH form a rigid structure,
while adjacent non-calcium binding EGF-like repeats are flexible [§]. Similarly, based on truncated crystal
complexes of NOTCH-DLL4 and NOTCH-JAGI1, the ligands are expected to be largely linear and rigid
from the MNNL to EGF3 and EGF5-6 region, with a bend between EGF4 and EGF5 [8,44]. A restraint
on the end-to-end NOTCH-ECD distance, excluded volume restraint, and connectivity restraints. The
distance between NOTCH residues 20 and 1735 was restrained to 85.5 nm +/- 1 nm to model the extended
conformation of NOTCH in the full-length atomistic model of NOTCH-ECD. For each NOTCH-ligand
complex, starting from initial random configurations for the flexible beads and rigid bodies, a total of 40
million models were sampled using Gibb’s sampling Replica Exchange Monte Carlo Markov Chain (MCMC)
algorithm (Figure S9) [47,/48]. Each Gibbs sampling step at a certain temperature consisted of a cycle for
Monte Carlo steps that moved every flexible bead by a maximum random translation of 2 A (NOTCH-DLL4)
or 2.5 A (NOTCH-JAG1). While each rigid body moved by a maximum random translation of 0.5 A
(NOTCH-DLL4) or 2.5 A (NOTCH-JAG1) and a maximum random rotation of 0.1 rad. Models were
generated by the Gibbs sampling in parallel at four temperatures in the range 1-2.5 (NOTCH-DLL4) or
1-4 (NOTCH-JAGI) with periodic exchanges of models at adjacent temperatures following the Replica
Exchange algorithm. The scoring function in the MCMC sampling was composed of the following restraints:
a restraint on the end-to-end NOTCH-ECD distance, excluded volume restraint, and connectivity restraints.
The transmembrane regions of all proteins were fixed during sampling. Filtering of sampled models,
analysis of sampling exhaustiveness, estimating sampling precision, and model clustering followed previously
established protocols [48-50]. Integrative modeling for NOTCH-DLL4 resulted in effectively a single cluster
of models (98% of 20000 analyzed models) with a precision of 30 A corresponding to the average RMSD
between a cluster model and the cluster centroid (Figure S10). Similarly, a single cluster of models (99% of
20000 analyzed models) with a precision of 28 A was obtained for NOTCH-JAG1 (Figure S11). Modeling
and analysis were performed with the IMP version 2.15.0 and PMI version 2.15.0 [51].



Molecular dynamics simulations of three NOTCH pathogenic mutations

Three clinically relevant missense mutations for molecular dynamics simulations were selected. In particular,
two mutations in the NOTCH ligand binding domain (R448Q and E360K) and one in the Abruptex
(Ax) domain (C1133Y) were selected based on pathogenicity. These mutations were introduced into the
NOTCH-DLL4 and NOTCH-JAG1 atomistic models using Chimera, followed by protonation. For the ligand
binding regions, four mutant systems were constructed: i) R448Q NOTCH-DLL4, ii) R448Q NOTCH-JAGI,
iii) E360K NOTCH-DLL4, and iv) E360K NOTCH-JAG1. These mutant systems were based on atomistic
8-13 EGF wild-type ligand systems described above and were subjected to similar steps undertaken for
wild-type NOTCH-ligand simulations with the OPLS all-atom force field using Gromacs version 2021.4.
Fach mutated complex was subjected to a 1 us long production run. For the third mutation, C1133Y located
at the Abruptex domain, amino acid substitution was introduced to the full-length NOTCH-ECD model,
and the resulting mutated model was converted into the coarse-grained representation with Charmm-GUI.
The same simulation protocols for the full-length WT NOTCH-ECD were applied to the mutant systems.
The C1133Y mutant system was subjected to a 10 us production run.

Results and Discussion
Full-length atomistic model of NOTCH-ECD reveals variability in surface features

Fig 2. Structural characterization of human NOTCH-ECD model. (A) The schematic rep-
resentation and the proposed extended conformation of the full-length atomistic model for the human
NOTCH-ECD is shown in cartoon and surface representation, where 36 EGF-like repeats are colored in
green and blue, alternatively; followed by NRR subdomains and TM region. (B) The proline (purple) and
glycine (cyan) residue clusters at the hinge EGF-like repeats (EGF18, 22, and 32) of the bent regions.
The zoomed-in panels show the relative orientation of proline & glycine with their side-chains shown
in ball & stick representation. (C) Asymmetric charge distribution mapped on the surface of EGF-like
repeats (EGF1-36) has been shown. The zoomed-in surface view of the slightly electropositive region;
EGF1-5, electronegative EGF11-19, and EGF20-26 have been shown. In the color scale red corresponds to
electronegative, while the blue color refers to the electropositive potential.

A full-length model of the human NOTCH-ECD, including the transmembrane region, was generated to
understand its role in ligand binding and cell communication. The model integrates experimentally resolved
structures (42%) for the EGF-like repeats (EGF4-7; 8-13), NRR domain, and transmembrane region, with
the remaining EGF repeats (EGF1-3 and EGF14-36) built using fragment-based homology modeling and
refined through 4 ps of MD simulations.

The extended conformation of human NOTCH-ECD measures ~86.5 nm, with some inherent kinks
(Figure 2A). We assessed the NOTCH-ECD extended model for these kinks that were primarily observed
in three regions: EGF17-19, EGF21-23 & EGF31-33 (Figure 2B). Interestingly, the connecting EGF-like
repeat in these three regions (EGF18, 22, 32) showed a significant percentage of proline and glycine residues,
indicating their probable contribution towards NOTCH structural architecture as previous studies have
suggested proline-glycine content to be an important structural determinant [52]. For example, EGF18
harbors proline (8.1%) and glycine (16.2%) in a 1:2 ratio, for EGF22 these percentages were found to be
10.3% each and for EGF32 the proline and glycine content were observed to be 13.3% and 11.1%, respectively.
The NOTCH structure also showed asymmetric charge distribution on the protein surface (Figure 2C).



While the 36 EGF-like repeats exhibit a negative electrostatic potential (-8.50e4-01 e), the N-terminus
EGF1-5 displays a slightly positive potential (1.00e+00 e) at pH 7. This asymmetric electrostatic charge
distribution on the elongated EGF-like repeats might influence the folding as well as the ligand binding of
the receptor. Analysis of inter-domain contacts within a 5A cut-off revealed that EGF-like repeats near the
N-terminus (EGF1-21) had fewer inter-domain contacts compared to those near the TM region (EGF21-36),
with a few exceptions (Figure S12). These structural and electrostatic features provide insights into the
functional modularity of the NOTCH-ECD.

Conformational dynamics of the apo-NOTCH receptor with and without glycans show
EGF-domain compactness

Intracellular communication in the NOTCH protein is speculated to be regulated by structural changes
in the NOTCH-ECD [44,53]. Due to the system length complexity, we constructed a coarse-grained
model of the NOTCH-ECD to investigate its dynamic behavior. The minimized all-atom linear model
of NOTCH-ECD was converted into a coarse-grained model and position restraints were applied to the
transmembrane region to mimic membrane anchoring. In total, three replicas of 10 us simulations were
generated. The apo NOTCH-ECD is highly dynamic and each EGF-like repeat shows unique flexibility
that drives EGF's to come together in compact states. Figure 3A, S13 shows that the protein simulation
started with an initial extended conformation of the NOTCH-ECD (~80.06 nm), and within 500 ns the
distance between the ARG20 (first residue) to HIS1426 (last residue) reduced significantly attaining an
average of ~23.81 + 9.98 nm across three 10 ps trajectories leading to a compact structure. The above
results are in good agreement with the previous cryo-EM report that NOTCH exhibits bending motions
and adopts multiple conformations [9].

Fig 3. Apo NOTCH-ECD attains multiple collapsed conformations. (A) Surface representation
of the human NOTCH-ECD showing its transition from linear to compact conformations, highlighting the
reduction in end-to-end distance across the EGF-like repeats. EGF-like repeats, NRR, and TM are color-
coded in light pink, green, and grey, respectively. (B) A schematic representation of the 36 glycosylation
sites distributed across the EGF-like repeats in NOTCH-ECD, with the structural model of glycosylated
NOTCH-ECD shown in surface view. Glycans (Glucose, Fucose, and GlcNAc) are represented as blue
circles, red triangles, and blue squares, respectively, following the Consortium for Functional Glycomics
guidelines. (C) Time evolution of the distance measured between the backbone atoms of ARG20 (EGF1)
and HIS1426 (EGF36), indicates the folding behavior of the NOTCH-ECD structure in its apo form. (D) A
box plot showing the average root mean square deviation (RMSD) values for individual EGF-like repeats in
glycosylated vs non-glycosylated NOTCH-ECD. (E) NOTCH residues previously reported to bind ligands
are shown in light green, while glycans (Glucose, GlcNAc, and Fucose) on the EGF8-21 region surrounding
the binding site are represented in bead form (blue and red, respectively).

Next, we set out to understand glycan modifications on the apo-NOTCH structure which is known
to extensively regulate signaling in distinct contexts, such as protein folding, localization, and ligand
binding [54,/55]. There are 36 sites with Ser/Thr containing consensus sequences which get modified with
three main forms of O-linked glycans identified as O-glucose, O-fucose, and O-GlcNAc [56-58]. Figure
3B shows the glycans at the respective sites on NOTCH-ECD and the glycosylated structure model was
parameterised for coarse-grained simulations (see Methodology for details). The end-to-end distance
and compact conformations of glycosylated NOTCH-ECD displayed a similar trend as compared to the



non-glycosylated form, where the average distance was observed to be 48.92 +/- 2.24 nm within 1 us time
(Figure 3C).

Interestingly, the presence of specific glycans induced alterations in the local geometry of the structure
(Figure 3D). While the complete non-glycosylated structure showed structural deviations from the starting
structure (20.71 £+ 1.87 nm), NOTCH EGFT7-8, 24-25 displayed relatively higher dynamics with a median
value ranging from 0.35 to 0.52 nm. In a previous cryo-EM study, substantial rearrangements of the
individual EGF-like repeats have been suggested to regulate compact conformations of the NOTCH
protein [9]. Distance-based metrics also showed that overall knot formation within specific EGFs remained
the same. Both sets of simulations showed similar regions to be in contact, in particular, NOTCH EGF10-11
was in contact with the EGF15-16 region (Figure S14). Further, extended time-scale simulations for
non-glycosylated structure revealed a second smaller knot between EGF-like repeats 1 and 2 with either
EGF18 or EGF27-28 (Figure S15).

However, EGF-like repeats participating in folding with minimal contributions were observed to be
EGF5-6, 19-21, 29-31, and 34-36. Hence, these results confirm that EGF1-16 folds into knot or cluster,
while EGF-like repeats proximal to the TM region (EGF25-36) participate minimally in clustering and may
rather impart rigidity to the NOTCH-ECD structure. Additionally, we observed a cluster of glycans around
the known binding region; primarily EGF11-12, upon NOTCH-ECD folding. As shown in Figure 3E, the
glycans were observed to orient outwards on the surface surrounding the binding region which may have a
significant role in enhancing the accessibility for ligand-protein interaction. In a recent study by Zeronian
et al., 2021, cross-linking mass spectrometry was employed to analyze intra-NOTCH and NOTCH-ligand
interactions [59]. We compared the distances of residue pairs from the experimental data and simulations to
investigate NOTCH intramolecular interactions. Figure S16 displays the NOTCH-ECD models, where 60%
of crosslinks are satisfied, with each residue pair highlighted in red and the crosslink shown as a yellow line
(Table S5). Although the datasets are not directly comparable, as the experimental study was conducted
with ligands, it is still valuable to observe how contacts within NOTCH can form and how these insights align
with our simulations. Together these results suggest that apo form of NOTCH-ECD on membrane prefers
a compact conformation driven by specific N-terminal EGF-like repeats. The glycosylation significantly
alters the local structural changes and is also abundant at functional regions that include binding sites.

Differential dynamics and preferential binding of NOTCH emerges from distinct EGF-
like repeats upon binding with DLL4 and JAG2

NOTCH protein shows diverse cellular outcomes upon binding with its canonical ligands, Delta-like protein
and Jagged via EGF-like repeats [60L(61]. At the atomistic level, the truncated crystal complexes of NOTCH
with DLL4 and JAG1 have been experimentally resolved, where NOTCH EGF11-13 and NOTCH EGF8-12
are bound to DLL4 and JAGI, respectively [11,{12]. Using modeling, we constructed equivalent protein
complexes of similar NOTCH EGF8-13 bound to its ligands (see methods). To study the dynamics of these
complexes, we performed all-atom molecular dynamics simulations for four replicas of 5 us each, totaling 40
us. Compared to the NOTCH-JAG1 complex, the NOTCH-DLL4 complex exhibited higher dynamics, with
an average RMSD of 2.38 + 0.17 nm for DLL4, versus 1.55 + 0.18 nm for JAG1 (Figure 4A). Snapshots
at different time points revealed distinct NOTCH conformations, showing a compact orientation when
bound to DLL4 and a more linear form with JAG1. While the dynamics of NOTCH with DLL4 (2.01 +
0.11 nm) and JAG1 (1.71 £+ 0.15 nm) were similar, DLL4 exhibited higher dynamics (1.88 £+ 0.07 nm)
compared to JAG1 (1.16 + 0.10 nm). The trajectories revealed key flexibility determinants primarily from
specific EGF-like repeats (Figure 4B). NOTCH EGF10 showed higher RMSD with DLL4 (0.75 £+ 0.04 nm)



compared to JAG1 (0.61 + 0.05 nm), while NOTCH EGF12 exhibited lower RMSD with DLL4 (0.53 +
0.09 nm) than with JAG1 (0.75 £+ 0.09 nm). NOTCH EGF9 and EGF11 displayed similar deviations in
both complexes.

Fig 4. Differential dynamics of NOTCH upon binding to DLL4 and JAG1. (A) Representative
snapshots of the NOTCH-DLL4 and NOTCH-JAG1 complexes from all four simulations are shown in cartoon
representation. NOTCH bound to DLL4 and JAG1 are colored dark blue and light blue, respectively, while
the ligands are shown in grey. These snapshots illustrate the dynamic behavior of NOTCH in its varying
conformations in both complexes. The frequency distribution plot displays the overall backbone deviation
of the NOTCH-DLL4 (dark blue) and NOTCH-JAGI (light blue) complexes across the 5 us trajectory of all
four simulations. (B) Distribution plots of the RMSD for individual NOTCH EGF-like repeats (EGF8-13)
upon binding with DLL4 and JAGI across the simulation trajectories, with NOTCH-EGF's bound to DLL4
and JAG1 highlighted in green and purple, respectively. (C) A line graph showing the average number of
hydrogen bonds formed by NOTCH EGF9 and EGF10 with DLL4 and JAG1 across all four simulations (5
ps each). (D) Zoomed-in structural snapshots of NOTCH EGF-like repeats 9 and 10 in the NOTCH-DLL4
and NOTCH-JAG1 complexes, with residues contributing to greater than 50% occupancy shown in ball
and stick representation. Common residues interacting with both DLL4 and JAG1 are highlighted in grey,
while those exclusively interacting with NOTCH-DLL4 and NOTCH-JAG1 are shown in dark orange and
dark blue, respectively.

Ligand mobility was also studied, both DLL4 and JAG1 have well-defined domains, including MNNL
(module at the N-terminus of the NOTCH ligands) and DSL (Delta/Serrate/Lag-2), followed by EGF-like
repeats (Figure S17). We found that DLL4 EGF2 (0.53 = 0.04 nm) displayed higher dynamics compared to
JAG1 EGF2 (0.32 + 0.02 nm), indicating greater stability when bound to JAG1. RMSF analysis showed
that EGF2 of DLL4 had higher fluctuations, while EGF2 of JAG1 was more stable (Figure S18).

The dynamic properties of NOTCH-ligand interactions were found to differ, with binding mechanisms
influenced by core structure-dynamics relationships, spatial distribution, and association pathways. NOTCH-
ligand complexes exhibit ”catch bond” behavior, where weak bonds become stronger under tensile forces
[12,62]. To analyze these weak interactions, we calculated the hydrogen bonding (H-bond) network in both
complexes (Figure 4C). The NOTCH EGF9 was observed to form a higher number of H-bonds when bound
to DLL4 as compared to JAG1. Whereas, NOTCH EGF10 showed a higher number of H-bonds in the
NOTCH-JAGI complex. Interestingly, NOTCH EGF11-12 displayed a similar number of hydrogen bonds
upon binding to DLL4 and JAG1 (Figure S19), consistent with previous studies [63H65].

We analyzed the occupancy of NOTCH residues, and none of the residues in NOTCH-EGF10 reached
more than 50% occupancy in the NOTCH-DLL4 simulations. NOTCH-EGF9 showed more interacting
residues with DLI4 than JAG1, while NOTCH-EGF12 had slightly more residues interacting with JAG1
(Figure S20). NOTCH-EGF9 had 9 residues exclusively interacting with DLL4 and 7 with JAG1 (Figure
4D). NOTCH-EGF10 showed more residues interacting with JAG1, while NOTCH-EGF11 had shared
interacting residues with both ligands. These findings suggest that dynamic regions of NOTCH play a key
role in regulating receptor-ligand selectivity.
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Fig 5. Integrative models of the NOTCH-DLL4 and NOTCH-JAG1 complexes reveal variable
interacting regions. (A) The representative cluster center models of the major cluster for integrative
models of the full-length ectodomain complexes NOTCH-DLL4 and NOTCH-JAG1 are shown, where
NOTCH, DLL4, and JAG1 are highlighted in green, pink and blue colors, respectively. (B) The localization
probability density maps display the positioning of different protein domains in the NOTCH-DLL4 and
NOTCH-JAGI clusters. These maps specify the probability of any voxel being occupied by the corresponding
domain in the major cluster. Interacting domains of NOTCH, DLL4, and JAGI are colored in darker shades
of green, pink and blue, respectively. All the maps are contoured at 10% of their respective maximum voxel
values. (C) The enlarged view of the marked regions in panel B is shown, where the differentially interacting
domains of NOTCH with DLL4 and JAG1 are marked. NOTCH EGF8-13 (dark green) interacting with
the DLL4 via its N-terminal to EGF2 (dark pink), while NOTCH N-terminal to EGF13 (dark green)
interacting with JAG1 (N-terminal to EGF5; dark blue) are shown. (D) The schematic highlights the
interacting NOTCH-ligand domains in the integrative complex models. The grey blocks represent the
previously known interacting domains of NOTCH with DLL4 and JAG1. The above-mentioned interacting
regions of NOTCH, DLL4, and JAG1 are highlighted with colored dashed boxes.

Integrative models of NOTCH-ECD with ECD of DLL4 and JAG1 show variability in
the interacting regions

To explore the NOTCH dynamics upon ligand binding in the context of intracellular trans-activation,
we further explored integrative modeling of full-length extracellular domains of NOTCH and its binding
partners; DLL4 and JAG1. We utilized our full-length NOTCH-ECD atomistic model to generate the
coarse-grained NOTCH receptor (1-1756 a.a.) spanning from N-terminal (1-19 a.a.) to the TM region. The
ligand proteins; DLL4 and JAG1 are also single-pass transmembrane with an extracellular region comprising
550 and 1093 residues, respectively. To build the coarse-grained models for DLI.4 and JAG1, integrative
modeling was performed utilizing experimental structural details of the previously resolved fragments and
data from biochemical experiments (see methods). Next, we generated the full-length extracellular domain
complex models of NOTCH-DLL4 and NOTCH-JAG1, where each protein was represented by a series of
connected spherical beads coarse-grained at multiple scales (Figure 5A). Regions of unknown structure were
represented by 30-residues per bead modeled as flexible string of beads. In contrast, regions with known
crystal co-ordinates were represented simultaneously by 1- and 10- residues per bead and modeled as rigid
bodies, where the relative distances between beads are fixed during sampling.

In both integrative models, the NOTCH N-terminus was observed to bend away from the linear structure
of the rest of the complex. In addition, the NOTCH N-terminus exhibited a low precision in both complexes,
indicating its highly flexible nature, consistent with the observations from the coarse-grained simulations of
NOTCH-ECD. On the other hand, the ligands DLL4 and JAG1 adopted a linear conformation extending
from the transmembrane region of one cell (Figure 5B). Since there is no available information on binding
EGF-like repeats beyond EGF8-13, we utilized these large complexes to gain insights about specific
interacting regions. Interestingly, we observed that although NOTCH EGF8-13 mediates contact with both
ligands, an additional region from EGF5-7 of NOTCH was observed to be in proximity specifically with
JAG1 (Figure 5C-D, S21). Due to the anti-parallel orientation of the NOTCH protein with its ligands,
the corresponding regions of DLL4 and JAG1 observed to be interacting were; N-terminal to EGF2 and
N-terminal to EGF5, respectively. Together, these findings point towards the flexibility of the NOTCH
N-terminus and highlight the EGF-specific differences in the interaction of NOTCH with its ligands.
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Pathogenic NOTCH mutations affect interaction surfaces and intrinsic dynamics

We studied pathogenic mutations to understand their effects on ligand interactions and structural stability.
Targeting the ligand-binding domain, we introduced two pathogenic mutations- E360K and R448Q), located
in EGF9 and EGF11, respectively, to assess their impact on interaction stability with DLL4 and JAGI.
These mutations are known to significantly disrupt the structural integrity of NOTCH-DLL4 complexes.
The pathogenicity of R448Q) is implicated in cardiac abnormalities [66]. E360 is particularly implicated in
oncogenesis, highlighting its relevance in cancer studies [67H69]. Secondly, we introduced mutation C1133Y
in the Abruptex domain that can lead to changes in receptor conformation that disrupt NOTCH signaling,
potentially contributing to diseases like cancer. For example, the C1133Y mutation has been linked to
increased proliferation and invasion in oral squamous cell carcinoma, indicating its role in the inactivation
of NOTCH activity [70].

In complex with DLL4 and JAGI, we subjected E360K and R448(Q) mutant systems to 1 ps all-atom
MD simulations (Figure 6A-B). The residue R448 is reported to be critical for the binding with DLL4 by
forming key interactions with D218, F195, and Y216 of DLL4 [12]. While the mutation is on EGF11, we
observed significant reorientation to the local EGF site along with adjoining EGF9 and 12. In particular,
R448Q mutation resulted in the movement of NOTCHggp11 away from the DLL4ggrs and DLL4pgy, to 7.12
+ 0.46 nm and 1.73 &+ 0.06 nm (Figure S22). While these spatial reorientations result in local instability
to NOTCHggrg, there was also an overall decrease in the number of hydrogen bonds, especially between
NOTCHggr10.11 and DLL4, from an average number of approximately 10 to 4 (Figure 6C). The second
ligand binding mutation was a charge-reverting mutation at NOTCHggrg — E360K. As shown in Figure
6D, we observed a relatively higher disassociation of receptor-ligand interactions. The NOTCHggrs-10
showed complete detachment from the binding interface formed with DLL4gqr1-3, leading to the complete
abrogation of interaction (Figure S22). Additionally, higher dynamics for mutant E360K NOTCH protein
were observed, with RMSD of the mutant shifting from 2.01 4+ 0.47 nm to 3.74 £+ 0.21 nm.

In comparison with DLL4, mutant simulations with JAG1 exhibited less effect on complex stability
(Figure 6E-F). However, it is noteworthy that these mutations have local structural perturbations. The
R448Q mutant led to reduced interactions of NOTCHggrg.19 with the JAG1. The mutation primarily
perturbs the average hydrogen bonding of NOTCHggrio with JAG1 (Figure 6G). The E360K mutation
also affected the dynamics and local interaction network of NOTCH. NOTCHggp11 showed a higher RMSD
of 1.1340.23 nm [WT NOTCHggr1: RMSD: 0.4740.09], while the interactions between NOTCHggrg and
JAG1 were disrupted, leading to the loss of two H-bonding contacts (Figure 6H).

Next, to investigate the impact of mutations in the folding dynamics of apo NOTCH, we studied the
C1133Y mutation on the Ax domain that ranges from EGF24 to EGF29. The Abruptex domain is proposed
to mediate both inter- and intra- molecular interactions of the NOTCH receptor, particularly through
contacts involving the ligand-binding region, such as NOTCHgqar11-EaF12, as described by Pei & Baker
(2008) (Figure 6I) [71]. Mutations in the Ax domain, such as C1133Y in EGF29, have been linked to
increased proliferation in oral squamous cell carcinoma, with experimental evidence suggesting that this
mutation disrupts NOTCH signaling, leading to its inactivation.
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Fig 6. Pathogenic mutations affect the ligand binding and intrinsic dynamics of NOTCH
(A-B) Overlayed conformations of wild-type (WT) NOTCHygp-DLL41gp from 100 ns to 1 s, at 100 ns
intervals, shown in cartoon representation. The positions of R448 and E340 are marked as red spheres.
The spatial orientation of NOTCH EGFs relative to the DLL4 domains is shown in a schematic next to
the snapshot, with R448 and E360 indicated as stars. (C-D) Ensemble of conformations for R448Q and
E360K NOTCH; gp-DLL41,sp, shown in cartoon representation with respective mutations highlighted as
red spheres. The schematic representation of the mutated NOTCH-DLL4 orientation is shown next to the
snapshot. The probability distribution compares the RMSD of mutated NOTCHrpp, i.e., EGF9 and EGF13
with respect to WT NOTCH. Bar plots display the average number of hydrogen bonds (H-bonds) between
NOTCHggr10-11 and DLL4 for R448Q mutant, and between NOTCHggrg and DLL4 for E360K mutant. (E-
F) Overlayed conformations of WT NOTCHpgp-JAG1ypp from 100 ns to 1 ps, at 100 ns intervals, in cartoon
representation. R448 and E340 positions are marked as red spheres. (G-H) Ensemble of conformations for
R448Q and E360K NOTCHygp-JAG1;5p, shown in cartoon representation with respective mutations as
red spheres. The schematic of the mutated NOTCH-JAG1 orientation is shown next to the snapshot. The
probability distribution compares the RMSD of mutated NOTCH and EGF11 with respect to WT NOTCH.
Bar plots highlight the average number of H-bonds observed between NOTCHggrg.10 and JAGI1 for R448Q),
and NOTCHggrg.11 and JAG1 for E360K. (I) Full-length coarse-grained model of NOTCH-ECD, where
the ligand-binding domain (LBD) and Abruptex (Ax) domain are highlighted in dark brown and salmon,
respectively. The C1133 position is highlighted in red. (J) Normalized average contacts between LBD and
Ax domain, calculated based on inter-EGF distances for WT and C1133Y mutant, shown in purple and
green, respectively (K) Distribution plots of distances between LBD (EGF9-11) and Ax domain EGF's 24
and 28, with WT and mutant data highlighted in purple and green, respectively. Representative snapshot of
WT NOTCH-ECD in folded conformation, with the LBD in closer proximity to the Ax domain, compared
to the C1133Y NOTCH-ECD, showing a distal orientation of the LBD with respect to the Abruptex domain.
The position of the C1133Y mutation is marked in red.

We introduced the mutation at the Ax domain in the coarse-grained structure, as simulated in wild-type
NOTCH full-length ECD domain. In two out of three wild-type simulations, three ligand-binding EGF's
were bound to the Ax domain (Figure 6J). However, upon the introduction of the C1133Y mutation,
these contacts are completely abrogated, and the distance between EGF centers in WT varies from ~8
nm to ~12 nm, while upon mutation, the distance increases to ~11 to ~17 nm (Figure 6K). Consistent
with Pei & Baker’s findings, our simulations of the wild-type NOTCH receptor demonstrated interactions
between the Ax domain and the ligand-binding domain, supporting their functional interplay. Together,
these mutations not only impair stable receptor-ligand interactions but also alter intrinsic dynamics and
inter-domain communication within NOTCH, highlighting their role in disease pathogenesis through the
disruption of structural and functional integrity.

Conclusion

NOTCH is a crucial stem cell receptor involved in cell-to-cell communication through its extracellular
domain, and its mutations are implicated in various diseases, including cancer and rare genetic disorders.
Over 50% of NOTCH mutations occur in the EGF-like repeat domains [72], but a complete structural
understanding of the NOTCH ectodomain remains elusive, with therapeutic strategies focusing mainly on
limited regions like the NRR domain [73H75]. Understanding how the NOTCH receptor achieves specificity
in binding to its ligands has been explored in various contexts [37,60]. Force-clamp spectroscopy of
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truncated NOTCH-ligand complexes has demonstrated differential binding affinities, mediated by the ”catch
bond” nature of interactions between the proteins. Additionally, atomic force microscopy studies suggest
strong adhesion between cells expressing NOTCH and DLL proteins, highlighting the robust interaction
between these molecules [12,|76]. In this study, we used a modeling and multiscale simulation approach to
investigate two key aspects of NOTCH. First, we modeled the full-length human NOTCH-ECD, revealing its
dynamic behavior in the apo form with glycan moieties, showing that it adopts both extended and compact
conformations. Second, we examined NOTCH binding to its canonical ligands, DLL4 and JAG1 using
atomistic simulations of shorter trucated bound complexes and integrative modeling for full-length NOTCH-
receptor complexes. Our simulations revealed distinct conformations for each ligand, and clear dynamics
from the N-terminal of NOTCH, particularly in the more dynamic DLL4-bound form. Three clinically
relevant mutations—R448Q and E360K in the NOTCH ligand-binding domain and C1133Y in the Abruptex
region-were introduced into NOTCH-ligand complexes and NOTCH-ECD models, respectively, for molecular
dynamics simulations. Comparative analysis with wild-type NOTCH-DLL4 and NOTCH-JAG1 simulations
showed that E360K and R448Q disrupted interaction surfaces, while C1133Y destabilized the Abruptex
domain in NOTCH-ECD apo form. These results provide a comprehensive molecular understanding of
NOTCH and its interaction with ligands, shedding light on the structural and dynamic aspects that govern
receptor-ligand binding and signaling. By identifying how specific mutations disrupt binding surfaces and
stability, we gain crucial insights into the mechanisms that underlie NOTCH-related diseases, such as
cancer and genetic disorders. In a study by Wang et al., specific mutations such as D469G in the EGF-like
domain impair calcium coordination critical for ligand binding, while R1594Q in the juxtamembrane region
disrupts ligand-mediated activation of NOTCHI1 |77]. Mutations in the RAM domain, like P17708, further
impair transcription complex formation, collectively disrupting NOTCH signaling and driving tumorigenesis.
These findings emphasize the need for more structural and genomic studies to better understand the
tumor-suppressive role of NOTCH in cancers. For future studies, detailed knowledge can help guide the
design of more precise therapeutic interventions that target NOTCH signaling, either by restoring proper
receptor-ligand interactions or by selectively modulating dysfunctional pathways associated with pathogenic
mutations.
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