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Structural dynamics of glycosylated isoforms of Glycodelin: a
comparative study through molecular dynamics simulation

Muhammad Shoaib =/ ', Mujeeb Alam Khan

Roshan Ali

ABSTRACT

Objective: To study the structural dynamics of glycodelin (Gd) isoforms with
distinct glycosylation patterns using molecular dynamics (MD) simulations to
explore their potential roles in cancer.

Methods: We employed MD simulation to investigate the structural behavior of
normal and aberrantly glycosylated glycodelin (PAEP). Protein sequence and
glycosylation sites were retrieved from Universal Protein Resource (UniProt) and
GLYCONNECT databases. Homology modeling and glycan attachment were
performed using UCSF Chimera and Glycam, while molecular topology
generated using CHARMM General Force Field. Simulations were performed
using the Groningen package over a 50-nanosecond timescale. Post-simulation
trajectory analyses included Root Mean Square Deviation (RMSD), Root Mean
Square Fluctuation (RMSF), Radius of Gyration (Rg), hydrogen bonding analysis
(HBA), and Principal Component Analysis (PCA) to evaluate the structural
dynamics and stability of the glycodelin isoforms.

Results: RMSD and RMSF analyses demonstrated that glycated isoforms of both
Gdl and Gd2 exhibited greater structural stability, with reduced atomic
fluctuations compared to their A-glycated counterparts. Remarkably, distinct
residue fluctuations were observed at positions 30, 65, | 10, and 142 in Gd|I, and
more broadly in Gd2. Rg analysis indicated increased compactness, particularly in
glycated Gd2 isoform. PCA revealed higher structural randomness in A-glycated
forms, while HBA further supported the enhanced stability of glycated variants.
Overall, the glycated Gd2 isoform emerged as most stable, suggesting a potential
role in cancer-associated conformational behavior.

Conclusion: Native glycosylation enhances Gd stability and compactness while
reducing solvent exposure. Isoform-2-GP, in particular showed the most
favorable dynamics, highlighting its potential as a cancer biomarker or
therapeutic target.

Keywords: Glycodelin (MeSH); Molecular Dynamics Simulation; GROMACS
(Non-MeSH); Root mean square fluctuation (Non-MeSH); Root mean square
deviation (Non-MeSH).
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INTRODUCTION

response elements (PREs) at positions -
1799, -1071, -745, and -302, along with
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', Muhammad Wagqas Lugman

lycodelin (Gd), a member of
the lipocalin superfamily,' is
encoded by a gene located on

chromosome 9q34,’ a region that also
harbors other lipocalin family genes,
such as tear lipocalin | and 2,
prostaglandin D synthase, and al-
microglobulin.’ The Gd gene spans 5.05
kb and comprises seven exons,
featuring a conserved retinol-binding
motif characteristic of B-lactoglobulins.’
Its promoter region contains four
putative glucocorticoid/progesterone

two additional putative PREs at + 1912
and +1965.'

Gd is composed of 180 amino acids,
including an 18-residue signal peptide,
and forms four intramolecular disulfide
bonds at Cys66, Cys106, Cysl 19, and
Cys160. It has two N-linked
glycosylation sites at Asn4| and Asn8l1,
which are glycosylated in its uterine
(Gd-A) and seminal plasma (Gd-S)
isoforms. The attached
oligosaccharides include:
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* GalB1-4GlcNAc (LacNAc)
* GalNAcB I-4GIcNAc (LacdiNAc)

*NeuAca2-6Galfl-4GlcNAc
(Sialylated LacNAc)
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(Sialylated LacdiNAc)

* GalB 1-4(Fucal-3)GIcNAc (Lewis ™ x)

*GalNAcBI-(FucBI-3)GIcNAc
(LacdiNAc analogue of Lewis ™ x)
(Figure ).}

Differentiated cells in the endometrium
and other tissues exhibit the presence of
glycodelin (Gd), although it is also
occasionally found in malignant cells that
are weakly differentiated. However,
both normal and malignant cells in
cancerous tissues may express Gd.
Various histological samples have shown
that Gd is expressed by epithelial
components of tumors.* Studies on Gd-
negative cancer cell lines transfected
with Gd complementary DNA (cDNA)
revealed that the sense strand
promoted epithelial development,
while the antisense strand did
not.’ Similar results were observed in
the presence of basement membrane
components when cancer cells were
co-cultured with normal stromal cells.
Both approaches led to Gd production
in cancer cells, decreased cell
proliferation, and a reversion of the
malignant phenotype. These findings
suggest that normal stromal cells,
basement membrane components, and
Gd each contribute to epithelial
differentiation and glandular
morphogenesis.’
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Figure |: 3D Structure of Glycodelin (Gd) with the glycan marked positions

To date, four differential isoforms of Gd
recognized by their glycan pattern,
which are GdA’,GdS’, GdF® and GdC."

These four isoforms of Gd apply their
particular biological function relying on
their protein backbone as well as
oligosaccharide post-translational
extension."

Given the emerging evidence of Gd
involvement in cancer, particularly
through its glycosylation-dependent
functions, we were motivated to
investigate its protein structure,
focusing specifically on variations in
glycosylation patterns, using molecular
dynamics (MD) simulations.
Comparative analysis of the native
(wild-type) and aberrantly glycosylated
forms of Gd may provide critical insights
into its functional roles in cancer biology.
Aberrant glycosylation and truncation
patterns commonly observed in
malignancies emphasize the need for
computational data to elucidate Gd's
structural and functional dynamics.
Since Gd isoforms play roles in key
biological processes such as human
reproduction, feto-maternal immune
regulation, and tumor cell proliferation,
this study aims to characterize their
structural behavior and potential
mechanistic link to cancer progression.
These findings may support the future
use of Gd isoforms as biomarkers or
therapeutic targets in clinical oncology.

METHODS

Dataset retrieval: Fast-All (FASTA)
sequence of progestagen-associated
endometrial protein (PAEP) (Gd) was

retrieved from universal protein
resource (UniProt) database (UniProt
ID: 9606). Glycosylated regions were
identified from the same sequence. The
N-linked glycation with the Asparagine
residues found at position Asn46 &
Asn8| were observed using
GLYCONNECT, a database that is
designed to explore glycans and the
proteins that carry or interact with
them.

Homology modeling: 4ROB was
downloaded in .pdb format from
protein data bank and was homology
constructed in Chimera software by
removing ions and extra solvent
molecules. Distinct oligosaccharides
were added to the 3D PAEP structure
through glycam.org
(https://dev.glycam.org/). The added
sugars, 3D PAEP structure diagrams are
given below.

Carbohydrate topology:
Carbohydrate topology was written
through CHARMM (Chemistry at
Harvard Macromolecular Mechanics)
general force field (CGenFF) program
V2.2.0.

Solvation neutralization: Water
molecules were added around the
protein in a rectangular configuration,
sized to fit the protein with an additional
distance of edgelQ from its surface.
System charges were neutralized using
the Monte Carlo lon Placing Method.

Energy minimization: Energy
Minimization (EM) was performed to
optimize the entire system i.e,
carbohydrates attached and unattached

protein complex structures. This
reduces the net force by moving atom of
the system and distributes their local
energy. In addition, the generated
complex further helps in detailed
structural information prior final run.
EM is run through the “grompp”
command by retrieving information
from already prepared binary input file
Step4.0_minimization.tpr, through
Groningen Machine for Chemical
Simulations (GROMACS) package
5.1.1. “Steep integrator”, “Verlet cutoff
scheme” and “Linear Constraint Solver
(LINCS) constraint-algorithm” were
followed in minimization step.

Equilibration: The equilibration phase
was carried out prior to the final
molecular dynamics run to enable the
solvent molecules to properly interact
with the protein, whether
carbohydrates are attached or not. This
step also ensures that the engineered
structure fits in simulation space and
help reduce the noise in the protein
dynamical analysis.

Engineered PAEP protein structure was
equilibrated in Isothermal-isochoric
ensemble (number of particles, volume,
and temperature (NVT). The NVT
Equilibration was performed by using
“MD integrator” with 500000 N steps,
“Van der Waals (Vdw) type cut-off”,
“LINCS constraint- algorithm” and
“Nose-Hover temperature coupling”
with a reference temperature set to
300K. Temperature graphs are given
below.

Production MD: The final 50-
nanosecond MD simulation was carried
out for all four minimized and
equilibrated structures, as described
above. The complex system was
maintained at a constant temperature
by employing the velocity-rescaling
temperature coupling (V-rescale)
method and at constant pressure using
the isotropic Parrinello—Rahman
pressure-coupling scheme. “Vdwtype
cut-off”, “LINCS constraint-algorithm”
were used in linear order. The
GROMACS package, “PyMol vl.7”,
“Origin Pro Lab V2018” and “VMD”
used for trajectories analysis and
graphical representations.

Root mean square deviation: In
bioinformatics molecular dynamic
analysis, RMSD is one of the basic terms
used in the measuring distances
between the heavy atoms or their
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Figure 2: (A) RMSD scatter plot of the four proteins suggesting stability under
different colour schemes (blue; Isoform | without glycan pattern, magenta;
Isoform | with glycan pattern, green; isoform 2 without glycan pattern, red;
Isoform 2 with glycan pattern, green). (B) RMSf scatter plot showing residue-
level fluctuations for both the wild-type and cancer isoform of the protein.
(©) Radius of gyration (Rgyr) scatter plot illustrating the compactness and
stability of the wild-type versus cancer isoform.

deviation from their original structure
over the timescale of molecular
simulation run. It can be applied to non-
protein part as well like glycans or
ligands attached. Mostly, the RMSD
calculations were done to carbon-alpha
atomic coordinates, which are same in
our analysis. In this study we find the
RMSD of the normal wild type and their
least fit carbon alpha cancer aberrant
glycan attached isoform. Moreover, it is
used to know how much a protein is
stable in the system, having a plateau line

confirm this.

Root mean square fluctuations
(RMSF): Similar to RMSD, RMSf is
another common analysis package used
in MD analysis. Since, the RMSD deals
with the stability of the protein, RMSf as
the name suggests investigating the
residue fluctuations in the molecular
dynamic run. These fluctuations of the
residues pointed out the important
residues involved in the structural
dynamic changes that can be bring by

any hypothesis questions raised during
research designing. Hence, it is an
important tool package, and we also
consider itin our analysis.

Radius of Gyration (Rgyr)
(gyradius): Radius of gyration (Rgyr) is
an investigative tool of the simulation
run that predicts the compactness of
the protein throughout the molecular
run. This is used to know the overall
protein confirmation in the box
designed for the specialized protein. In
addition, it also correlated with the
RMSD.

Secondary structure: Since, the
protein has four types of structures.
While the functional structures are
tertiary or quaternary but in
bioinformatics analysis researcher
mainly analyzed secondary structure of
the protein and their behavior in total
production run. Therefore, for this
purpose Define Secondary Structure of
Proteins (DSSP) determination package
was used to find the possible outcome.

Principal component analysis:
Principal Component Analysis (PCA) isa
statistical technique used to reduce the
number of variables in large datasets. It
achieves this by transforming the
original variables into a smaller set of
new variables, called principal
components, which retain most of the
original information.

In this study PCA was employed to
investigate the major conformational
motions of the glycosylated and non-
glycosylated PAEP (Glycodelin) protein
structures during molecular dynamics
simulations. PCA helped us find the
main movements by looking at changes
in the protein's backbone atoms. This
made it easier to compare different
forms of the protein and see how sugar
chains (glycosylation) affect its behavior.

RESULTS

Structural Dynamics of the differential
Gd structure: RMSD compares two
structures, one native isoform with the
distinct glycan pattern and it's another
counter isoform without glycan
attached pattern, by computing each C-
alpha structure trajectory (-f) and
comparing it. In the Figure 2(A), overall
isoform | differs in stability from the
isoform 2 structured proteins. In
between isoform | A-glycated and
glycated isoforms both shows initial
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Figure 3: (A) H-bonding after 50 ns MD simulation of the Isoform I, (B)
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stability up-to 10 nano seconds by 0.2
nm and then isoform | A-glycated
moves to 0.15 nm by 30 ns, the follow
higher path till final run (50 ns). In
contrast, isoform | glycated moves at
higher RMSD 0.3 nm until 28 ns, and
moves to stability (0.15 nm) by until 50
ns. In conclusion, isoform | glycated was
more stable in the end, suggesting that
the structure is more stable than the A-

glycated structure. Similarly, isoform 2
A-glycated and glycated were
compared in another portion of the
graph. Isoform 2 A-glycated structure
begins with an unstable RMSD of 0.6 nm
until 10 ns, then drops to 0.45 nm
before jumping back to 0.75 nm. In
comparison, the glycated structure of
Isoform 2 starts off steady at 0.3 nm until
5 ns, then rapidly rises to 0.8 nm at 20

ns, before gradually dropping and
reaching a stable level (0.5 nm) till the
finish of desired run. Same it suggesting
that glycated structure is more stable
than the A-glycated structure. The
scatter plot Figure 2(B), representing
different color schemes for the specified
trajectories, such that blue; Isoform |
without glycan pattern, magenta;
Isoform | with glycan pattern, green;
isoform 2 without glycan pattern, red;
Isoform 2 with glycan pattern, green. X-
axis denotes |60 amino acid residues of
Gd, and Y-axis suggest “nm”
fluctuations. Isoform | A-glycated and
glycated residue observe fluctuations at
30, 65, 110 & 142 positions. Isoform 2
A-glycated and glycated residue
observe more fluctuations ranging
between 10-60, 80-90 & |10 positions.
This suggested that glycan can bring
stability changes towards protein
structures. The Rgyr was used to
calculate the gyration radius of a
collection of atoms (weighed in mass) as
a function of time. The different color
scheme in the above figure represented
distinct isoform explained above. Rgyr is
associated with protein folding stability
by expressing their plotted line at a
reasonably constant value. Figure 2(C)
clearly indicates that the red line
(isoform-2-GP) maintains their linear
trajectory, implying higher compactness
and optimal protein folding, whereas
isoform-2-GP was stable over 35ns
time, implying protein un- folding
afterwards. In addition, Isoform | AGP
& GP were not compact, showing
fluctuations. In conclusion, this finding
demonstrated that the isoform 2 is
more compact than the isoform |.

Clustered motion trajectories:
Hydrogen bonds play an important role
in stabilizing protein folding, maintaining
structural integrity, and facilitating
molecular recognition. The protein
backbone commonly consists of
secondary elements such as a-helices
and [-sheets. These sheets are
stabilized by hydrogen bonds formed
between the carbonyl oxygen and the
amide nitrogen of the main chain. These
interactions provide structural stability
and specificity in molecular interactions.
Hence the “gmx hbond” tool in
GROMACS was employed to analyze
hydrogen bonds between atom groups
or specific donor-hydrogen-acceptor
(D-H-A) triplets, based on defined
distance and angle criteria. Output data
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showed an increased number of
hydrogen bonds forming over time in A-
glycated isoform groups compared to
other glycated variants. These result
assumptions are further clarified at the
next H-bonding analysis (Figure 3 A-D).
Furthermore, solvent -protein H-
bonding analysis represent the
dissociation of the protein structure by
the interacting exposed residue. The
more H-bonding denotes suggests
more dissociation. As in the above figure
isoform | AGP has lowered H-bonding
compared to its glycated counterpart.
While on the other plot, isoform 2
glycated has low H-bonding as
compared with the A-glycated isoform.
In Figure 3(E) Isoform-1 AGP PCI+
PC2 cluster around -10 & + 10, while,
Isoform-1 GP PC1 +PC2 cluster around
-5 & +15. On the other hand cancer
isoform-2 AGP PCI|+PC2 residue
cluster moves around -12 & +10 and
isoform-2 GP PC|+PC2 -5 and +8.
This suggested that randomness in the
protein structure are found more in the
isoform-1 AGP, Isoform-1 GP, isoform-2
AGP compared to the isoform-2 GP

DISCUSSION

This study utilized MD simulations to
explore the structural dynamics and
stability of Gd isoforms with distinct
glycosylation patterns, aiming to
understand their potential roles in
cancer-related processes. Our results
demonstrated that glycosylation
significantly influences protein stability,
compactness, and intramolecular
interactions. Particularly, the glycated
variants of both isoforms exhibited
improved structural stability over their
A-glycated counterparts, as evidenced
by lower RMSD fluctuations, consistent
radius of gyration, and hydrogen
bonding profiles.

Gd is a lipocalin protein found mostly in
epithelial cells. It has previously been
demonstrated to promote cell
differentiation in different types of the
cancer cells. This was linked to a
reduction in xenograft development in
cancer patients. Moreover, in
adenocarcinoma,
immunohistochemical labelling
revealed higher Gd staining when
compared to squamous cell carcinoma;
however, there was no apparent
difference in staining when compared to
normal tissues. Both normal and
melanoma samples showed weak Gd

staining. Additionally, it contains two
possible N-linked glycosylation sites:
Asn 41 and Asn 81. Therefore, it
structures on glycoproteins are changed
in cancer, according to new research.
On the plasma protein -|-proteinase
inhibitor, fucosylation groups and
sialylations have been related to
malignancy. These glycosylation
modifications in a tumor-secreted
protein might be owing to changes in
glycosylation enzymes' basic function,
either through changing enzyme levels
or enzymatic activity. Changes in glycan
structure may also be exploited as
cancer biomarkers for early detection.

RMSD is the initial analysis step of the
molecular dynamic simulation, which
suggest an overall look of the structure
dynamics through the whole procedure
done. Here in this study, we investigated
RMSD of the four isoforms, out of which
two were glycated and two were un-
glycated. It seems from the results that
glycated isoforms were more stable
compared to their A-glycated
counterparts. The reason could be
glycation achieve stability to the protein
structure and this was shown by many
studies including.” Now, if we look at
the glycated in-between comparison
the isoform-| is more stable than the
isoform-2 glycated isoform. This is
because the isoform-2 has truncated
portion which makes it a little un-stable
folding mechanistic compared to the
isoform-1. The same results were
explained by.” Therefore, in conclusion
isoform-| glycated can be considered
for the future drug interaction studies.
Taking the glycated isoforms in the RMSf
as a reference plot, we see fewer
fluctuations in the isoform-| compared
to the isoform-2.” Which further
denoted that glycation has a greater
impact on the isoform-2. The said
result is supported by the gyration plot
(Figure 2) denoted a very straight linear
red line isoform-2, where the
abovementioned plots were taken as a
reference value. The study result is also
explained by Lobnov M, et al,”
showing a great compactness of the
structure due to post-translational
modifications.

The hydrogen bonds inside the protein
between A-glycated and other glycated
isoforms, especially near the chiral
centers of the dipeptide group, may be
important for telling apart different
chiral forms. In Figure 3, we showed

where the hydrogen bonds start and
end, and how many hydrogen bonds
were found during the MD simulations.
The H-bond utility package in
GROMACS was used to identify
hydrogen bonding. In the hydrogen
bond analysis, the distance between
heavy atoms forming hydrogen bonds
was set to 3.5, and the angle between
donor and acceptor atoms was set to 30
degrees. During the MD simulation,
when the monomers were placed into
ASN pockets, the glycated isoforms
showed fewer hydrogen bonds on
average. Because hydrogen bonding
interactions are reduced, any pocket is
unlikely to be the favored chiral
recognition site. When A-glycated
isoforms were bound, a substantial
increase in hydrogen bonding was seen
in MD simulations. The highest number
of hydrogen bonds between molecules
was seen in the Asn pocket of the A-
glycated isoforms. This result suggests
that this pocket is the main place where
ligands attach and where chiral
recognition happens. The findings of
intermolecular hydrogen bond analysis
for the four isoforms simulations are
also shown in Figure 3. First and
foremost, there were less
intermolecular hydrogen bonds
between isoform-1-AGP and isoform-
2GP Both isoform- | -GP and isoform-2-
AGP have the greatest intermolecular
hydrogen bonding interactions with the
solvent, as shown by this finding. When
the two isoforms were examined, it was
discovered that isoform-2-AGP formed
H-bonds with a considerably higher %
occupancy than isoform-1-GP As
previously stated, this result is
consistent with the A-glycated isoform's
higher stickiness to the exposed
solvent, which eventually leads to more
dissociation.”

The 3D structure of human Glycodelin
(Gd) showed a tightly packed dimer
form. This agrees with earlier research
that observed dimeric stoichiometry in
all isolated glycoforms of Gd.** The
arrangement of charged and
hydrophobic amino acids on the surface
of the glycated isoforms shows two
areas with opposite charges and one
side that is more hydrophobic. This
pattern suggests that without
glycosylation, the protein may have a
higher chance of aggregation, especially
when the ionic strength is low. These
observations are strongly supported by
the analysis results."**  Since the critical
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Glutamic acid (Glu) residue at position
89 is replaced by Alanine (Ala) in Gd, the
conformational change typically
influenced by pH may not occur in the
same way. Furthermore, the tiny pocket
size combined with the sterically
restricted nature of Gd implies a limited
affinity for physiologically relevant
ligands found in other human lipocalins,
such as fatty acids, retinoic acid, retinol,
etc. This is consistent with the fact that
retinol has a 100-fold higher KD value
than B-lactoglobulin. As a result, it
appears that Gd binding of a small
molecule ligand to Gd might not be
crucial for its biological role.”® As a
result, it appears that both the kind and
distribution location of connected
oligosaccharides are critical. Both
monomers are positioned such that all
the sugar chains face the same side and
point in the same direction of the
structure. Depending on the type of
glycosylation, it may bind to glycan
receptors (lectins) located on the sperm
head's cell surface. This interaction
likely leads to a strong avidity effect,
which could explain why the thick sugar
matrix Gd-A glycated can outcompete
in the zona pellucida's glycocalyx. Due
to the flexible nature of large
oligosaccharides, their terminal sugar
units can interact with glycan receptors
located up to 100 nm away. Besides
humans, chimpanzees, and gorillas,
another group of glycodelin-related
sequences-lacking the two N-
glycosylation sites-can be found
throughout the ape evolutionary
lineage. These sequences correspond
to primate orthologues of B-
lactoglobulin, a well-known member of
the lipocalin protein family in
mammals.”** In humans, the B-
lactoglobulin gene is inactive and exists
only as a pseudogene.” The consistent
presence of the two N-glycosylation
sites in all Gd sequences highlights their
importance and suggests they appeared
within a relatively short period of time.”
Our structural and bioinformatic
analyses indicate further study of Gd
glycan structures could provide new
insights into evolution and diseases such
as cancer.

CONCLUSION

Our MD simulations revealed that
native glycosylation significantly
improves the structural integrity of Gd

isoforms by enhancing their stability,
compactness, and resistance to solvent
exposure. Isoform-2-GP, in particular,
exhibited the lowest residue
fluctuations, consistent hydrogen
bonding patterns, and tightly clustered
PCA trajectories, indicating minimal
conformational randomness and
optimal folding behavior. These
structural advantages suggest a
potential functional relevance in cancer
biology, positioning isoform-2-GP as a
promising candidate for therapeutic
targeting and biomarker development
in glycan-related diseases.
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