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Abstract---Most of the dairy cows often have immune suppression 

during calving time and leads several metabolic disorders and 

manifesting of poorly functioning immune system. Hence, the 

interaction between the immune system and metabolism of dairy cows 
is core important to read in terms of benefit to dairy industries. In 

this, the transition of dry period to lactation period is at most risk 

periods for the dairy cow’s body mechanism and by this time, there 

are several changes occur in the protein level. There have been several 

studies focused on casein protein and its functions in the lactation 

mechanism in mammary glands. But there are few other proteins, 
which are contributing directly or indirectly in the lactation process, 

and it is compulsory to understand those contributions up to its 

structural level. In dairy cows, the Interactions between the L-selectin 
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and Glycam1 is core important protein -protein interactions, but the 

information’s on these systems are lacking. This study aims to provide 

the mechanical insights of L-selectin binding over the Glycosylation-

dependent cell adhesion molecule 1 (Glycam1) in Bos taurus. Through 

this work, we have represented the structural details of Glycam1 and 
L-selectin along with their interactions is visualized. Overall, we 

believe that this study will provide a way to future works on 

understanding the interactions between the immune system and 

metabolism of dairy cows.  

 
Keywords---glycam1, L-selectin, Bos Taurus, protein-protein docking, 

molecular dynamics. 

 

 

Introduction 

  
Dairy industry is the major growth sector with the turnover of 450 billion USD 

with gradual increase of Compound Annual Growth Rate (CAGR) of 5% per year 

and this provides high contribution to various countries Gross domestic product 

(GDP) growth [1]. But the production gap between supply and demand for milk is 

increasing by approximately 10% annually and therefore it is mandatory to 
understand the mechanisms regulating bovine milk synthesis in dairy cows [2, 3]. 

The recent developments in integrating the transcriptomic and proteome analysis 

guide the researchers to understand deep insights of molecular mechanisms 

driving biological process in cells and tissues [4, 5]. There are several mechanisms 

depends on several amino acid derived proteins for maintenance of vital 

functions, reproduction, growth, and lactation. Especially in the mechanism of 
lactation, the mammary gland requires huge number of amino acid involvements 

to synthesize milk proteins [6, 7]. This mechanism of amino acid processing to 

milk protein conversion in mammary gland is too complicated and it is mandatory 

to examine those reactions, interactions behind the mechanisms [8, 9]. Here, the 

mechanism is diverged to several amino acid conversions, oxidation, and 
reduction reaction mechanism for energy productions. In process of milk 

synthesis, the mammary glands utilize maximum amino acids and 30g of protein 

per kg of milk is a final product [10, 11].  

 

Even though in this mechanism, most of the available studies have high lightly 

showing the contribution towards the casein protein, it is also mandatory to study 
the other proteins involved in this mechanism [12, 13]. In this regard, there is 

another class of proteins which also secreted as external secretion which is in the 

form of mucins or muscin-like proteins found in mammary gland [14, 15]. It has 

been reported in humans, the high molecular weight milk-mucin complex is 

formed due to aggregation of milk fat globules associated with mucin-like 
glycoprotein and are responsible for antiviral activity against rota-viruses [16, 17].  

Glycosylation-dependent cell adhesion molecules 1 (GlyCAM-1) is an endothelial 

glycoprotein acts as adhesion molecules present in mammary glands functions as 

an endothelial cell surface ligand for leucocytes adhesion molecule L-selectin [18]. 

The family of selectin proteins comprises of three closely related cell–surface 

molecules: L, E and P–selectin, which are named after the cells in which they are 
expressed [19, 20]. From the literature information, there are few evidences 
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showing the details behind the Glycam-1 interactions with L-selectin in various 

organisms, but not in Bos Taurus [21]. Now it is mandatory to bring out those 

interaction details in atomic level to the scientific community. So that, here our 

objective is to elucidate the mechanical insights of L-selectin binding over the 
Glycosylation-dependent cell adhesion molecule 1 (Glycam1) in Bos taurus. 

 

This biochemical signal transduction pathway mediates the selectin-mediated 

leukocyte activation in this organism. Common mechanism evidence shows that, 

the interaction with L-selectin molecules GlyCAM-1 needs to be sulfated 

especially on oligosaccharide side chains to bind to L-selectin During this process, 
both mono and disaccharides of GlyCAM-1 were sulfated as Gal-6-SO4, GlcNAc-

6-SO4 and Galβ14(So4-6) GlcNAc [22]. The major capping structure of GlyCAM-1 

contains there are three structural elements such as sialaic acid, fucose, and 

sulfate and the capping structure was determined as 6’-sulfated sialyl lewisX  

[23]. These two sulfated O-glycans such as 6’-sulfo-sLeX and 6-sulfo-sLeX, with 
So4 linked to position 6 of Gal and GlcNAc respectively were found in a core-2 

structure can block the binding of L-selectin to GlyCAM-1 [24]. Proteolytic 

cleavage of L-selectin may inhibit leukocyte accumulation and appears to occur in 

various physiological contexts, including the inflammatory response [25]. L-

Selectins contains cytoplasmic domain which has about 17 amino acids essential 

for normal function and interact with carbohydrate binding site of GlyCAM-1 
especially of sialyl lewisX [26, 27]. Based on these available information’s, we tried 

to bring up the mechanical insights of L-selectin and Glycam-1 Interactions using 

the modeling and interactions studies. As far as, there are only few studies 

reporting about this L-selectin and Glycam1, we tried to bring those structural 

information’s through this work. 
 

Materials and Methods 

 

Sequence information  

 

The sequence information of Glycam1 (ID: Q02596) and L-selectin (ID: P98131) 
from the organism Bos Taurus is taken from the uniport protein sequence 

database (www.uniprot.org) in the fasta format. In search of experimental 

structures, the protein data bank informs the lack of Glycam1 and L-selectin 

experimental structures for this organism. Followed by this, the template 

structures from relatively closer functional protein and organism is searched 

through the protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) [28, 29]. 
This is performed to observe the template structure from relatively closer Glycam1 

and L-selectin experimental structures in the protein data bank for modeling the 

3D structures. The amino acid sequence of both Glycam1 and L-selectin were 

used as input and the option Psi-BLAST was selected to search for templates.  

 
Protein structure Modeling 

   

Sequence similarity indicates that, lack of suitable templates for Glycam1 and for 

L-selectin, the blast shows the template of L-selectin protein structure from Homo 
sapiens with 84% identity [30-32]. Lack of template structure for Glycam1 force to 

apply the threading method for this sequence and for L-selectin, the homology 

modeling is performed. The sequence of Glycam1 is to be designed via threading 

http://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi


         3702 

method through I-Tasser (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) 

[32]. I-TASSER is tool based on threading algorithm, via hierarchical protocol for 

automated protein structure prediction and structure-based function annotation 

[33, 34]. For the L-selectin, the 3D structure is generated through academic 
version 9.21 of Modeller software (https://salilab.org/modeller/) [35, 36]. Based 

on the DOPE score value, the lowest optimized protein energy score model was 

selected for further quality analysis [37, 38].  

 

Dynamic behavior of Model proteins 

  
Both the proteins taken for the study is modeled via computational methods; to 

ensure the reliability of modeling and to know the dynamic action of modeled 

structures, the molecular simulation is performed through Gromacs MD package 

(http://www.gromacs.org) [39, 40]. The modeled structures are solvated in the 

TIP3P water model in the presence of OPLS-AA force field, the solvated structures 
are energy minimized using steepest descent method, terminating when 

maximum force is found smaller than 100 KJ mol-1 nm-1 [41, 42]. Water is used 

as a solvent when energy minimization is used to get rid of the poor atomic 

contact [43]. Total simulation was run in the NPT ensemble with a time step of 

2fs, maintaining a temperature and pressure of 300 K and 1 bar, respectively [44, 

45]. Minimized structures were equilibrated over a 10-ns timescale after 1ns of 
NVT. VMD (https://www.ks.uiuc.edu/Research/vmd/) is a molecular 

visualization program that is used to conduct the trajectory analysis [46].  

 

Protein structure Analysis 

 
The model structures from both the threading method and homology modeling 

method is validated using SAVES server, Ramachandran's map was drawn using 

PROCHECK [47]. The ProSA program was used to perform a comprehensive error 

check on the model protein structure and to compute the normalized Z-score for 

the model protein and its corresponding template molecules in order to establish 

whether or not the model structure is within the range of a high-quality 
experimental structure with a comparable shape and size [48]. The evaluated and 

error free structure was further chosen for the study.  

 

Protein-Protein docking  

  
Patch Dock, a geometry-based molecular docking technique 

(http://bioinfo3d.cs.tau.ac.il/PatchDock), is used to perform protein-protein 

docking in order to gain insight into the interactions between Glycam 1 and L-

selectin [38, 49]. Allocating molecules into concave, convex, and flat patches, the 

patch dock method operates on the basis of molecular shape complementarity 

[50]. The shapes are matched with various complementarities and in order it 
generates different transformations [51]. Here, RMSD clustering was used to 

eliminate duplicate solutions based on the input of both proteins set to the 

default value of 4Å [49]. The output is refined using the firedock, which refine the 

protein-protein complex files for the purpose of understanding the clear 

interactions [52, 53]. PDBsum chain interactions are used to evaluate the top 20 
postures and results. The chimera visualization tool is used to see how different 

surfaces interact with one another [54, 55].  

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://salilab.org/modeller/
http://www.gromacs.org/
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Results and Discussion 

 

Model Building 
 

High resolution structure of Glycam1 and L-selectin proteins in Bos Taurus has 

not yet been determined experimentally (X-ray or NMR). Suitable homology 

modeling templates were located via a BLASTP search of the PDB using the 

default settings. If the similarity between the target and template is greater than 

30%, then the suitable template can be selected and the sequences can be 
aligned. For L-selectin, we found PDB id 3CFW based on the maximum identity 

with high score and lower e-value, showing the similarity of 82% is used as 

templates for homology modelling. But for the Glycam1, there is lack of suitable 

template for modeling and this forced us to follow different procedure modeling 

these two proteins. In contrast with L-selectin homology modeling, the Glycam1 is 

modeled by using the threading method. L-selectin sequence alignment between 
target and template were done using ClustalW program, characterized by some 

insertions and deletions in the loop regions. Both the final model of L-selectin and 

Glycam1 is represented in figure 1a and figure 1b, which shows that the L-

selectin is linear is shape and Glycam1 is packed. The homology modeled L-

selectin shows 7 sheets, 7 beta hairpins, 1 psi loop, 5 beta bulges, 22 strands, 2 
helices, 33 beta turns, 1 gamma turn, 11 disulphides as its protein framework 

(Figure represented in figure S1 and S3). While the Glycam1 shows the secondary 

structure of 11 helices, 21 helix-helix interacs, 32 beta turns, 2 gamma turns 

(Figure represented in figure S2 and S4). Both modeled proteins are fine, and we 

found, there is no missing loops are amino acids in the modeled structures 

followed by a rigorous refinement of the model by means of molecular dynamics 
and energy minimization.  

 

Molecular Dynamics Simulations 

 

L-selectin and modeled Glycam1 protein were shown to be relatively stable during 
explicit solvent MD simulations. The stability of the protein was obtained by the 

RMSD plot evaluated from VMD working panel simulation quality analysis. In 

Molecular Dynamics simulation, RMSD of the C-α of protein model for both the 

model proteins are analyzed to understand the stability in solvent dynamic 

environment. The RMSD assessments of C-α atoms from MD simulation are 

plotted in nm with the respect to time-dependent function 10ns (nanoseconds). 
From the beginning of simulation to the entire simulation, the RMSD plot shows 

strong support the model protein by showing constant RMSD deviation. While the 

model structure in MD simulation here is shown as an evidence for stable along 

with the intention of lively response in dynamic movement. The overall simulation 

process is a 10ns timescale and represent up and down deviations in RMSD plot 
in figure 2. Average indices show that the RMSD of Glycam-1 is 0.2216 nm and 

for L-selectin the RMSD is 0.4192 nm. While comparing both the proteins, L-

selectin shows fluctuations in the 10ns simulations than the Glycam-1, and this 

is due to L-selectin is linear in shape. Glycam-1 shows compact in shape and it 

makes the simulations to deviates low with the average RMSD of Glycam-1 is 

0.2216 nm. Overall, the RMSD of both L-selectin and Glycam-1 is showing stable 
without major fluctuations, and this makes to clear that our models are reliable 

to use for the molecular modeling calculations.  
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Structure Validation 

 

The stable average conformation of the model proteins from the MD simulation is 

taken for the structural validation. Calculating the backbone and side chain 
conformations with Procheck and Errat from SAVES server ensured the quality 

and dependability of the modeled structure. The percentage of Φ–ψ angles in core 

Ramachandran region is placed more in the favorable regions for both L-selectin 

and Glycam-1, 99.4% and 96.5% respectively in the protein structure satisfied 

both phi and psi dihedral angle distribution. In terms of disallowed regions of 

model protein for both L-selectin and Glycam-1, 0.6 % and 3.5 % respectively, 
which shows that the protein models are well placed in the allowed region (Figure 

3a and 3b). From the errat, the overall quality of the protein model is said to 

satisfactory, as both the protein models passed the values of more than 70. Here 

the overall quality factor for L-selectin is 89.224 and for Glycam-1, it is 81.379 

(details provided as SI figure S5 and S6). Based on the Ramachandran plot and 
Errat analysis, it is clear to use the model for the molecular modeling 

calculations.  

 

Protein-Protein Interactions 

  

Protein-protein interactions (PPIs) are important mechanism in almost every cell 
function, and for that the proper understanding the interactions between those 

proteins are mandatory in normal and disease states. Biomolecular relationships 

or associations can be analysed through the protein-protein interactions, and 

here we have carried out the protein-protein interactions through in silico 

methods [12-14]. Combine algorithm of Patch dock and fire dock provides 10 best 
complexes that are having interactions with each other. We have analysed all the 

interactions and through the literature, the Glycam-1 is interacting with the L-

selectin in the region of Lewis x (Lex), and by considering that, we got the top hit 

interactions by showing the protein-protein binding in exact region. We believed 

that, the top hit is the best by its scoring values and the experimental evidence of 

replacing the sLex (N-acetyl glucosamine and MAN) with template to the target 
matches the location, that specially section the allocation for protein-protein 

interactions. The protein-protein interactions are performed based on shape 

complementary and in final, it delivers the exact phenomenon of Glycam-1 

binding over the sLex region. Computational modelling of the quaternary 

structure of complexes generated by two or more interacting biological 
macromolecules is known as "macromolecular docking." By using this method, we 

conform that, the model protein of Glycam-1 has the tendency to bind with the 

model structure of L-selectin.  

 

Surface Interaction Analysis 

  
The interactions are showing between the L-selectin and Glycam-1, and for the 

detail understanding, we examined the protein-protein conformations, by using 

the surface interaction analysis. The surface of the proteins is coloured in 

difference represented in figure 4 and analysed for interactions between the L-

selectin with sLex and Glycam-1. In figure 4, the long straight structure protein L-
selectin can say as head and tail, and in this head, portion is having the hold of 

sLex and Glycam-1 in this region. For the figure representation, the PPI complex 
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is shown in 360о coloured with L-selectin in thick red, Glycam-1 in Pink and sLex 

with turquoise. This shows that there is a good interaction seen in between both 

the proteins and we can also see that the sLex is playing a role of interaction 
bridge through this surface interaction analysis. 

 

Interaction Analysis 

  

Literature evidence shows that, L-selectin is considerably expressed in myeloid 

cells and naïve T cells and for that, the common ligand carbohydrate sialyl-Lewis 
x(sLex) is required and both these are bind together with high binding affinity. 

This high binding affinity is controlled by nature of the carbohydrate backbone 

scaffold which carries sLex. Generally, it was reported that L-selectin ligand 

binding is significantly retracted while the cells are treated with GalNAc which 

leads blocking of O-linked sugar synthesis. sLex selectin interaction and its Ca2+ 

independent, this binds to an alternative region of selectin domain.  Significant 

percentage of the native ligand of L-selection is belongs to the family of adhesion 

molecules are mucin type ligand which composed of O-linked sulfate or 

carbohydrate side chain [45]. The interaction of L-selectin and sLex might 

override chemokine-dependent integrin activation and based on this information, 

it is mandatory to report the interactions of L-selectin with sLex and Ca2+. sLex 
and Ca2+ interaction with L-selectin is analyzed through Ligplot for understanding 

the amino acid contributions in biological mechanism [46]. The interacting amino 

acid with sLex and Ca2+ are represented in the figure 5, showing that Lys106 is 

showing the main interactions and in terms of Ca2+ the amino acids Glu118, 

Asn120, Glu126, Asn143 and Asp144 are showing strong interactions. To specify 
the interaction between both proteins, it is also needed to view the contribution of 

amino acids that play a role of interactions (Figure 6a). For that, we examined the 

interacting amino acids in figure 6b labelled as L-selectin as A-chain and Glycam-

1 as B-chain. In L-selectin, the Trp39, Arg58, Tyr61, Thr62, Asp63, Ile67, Gln68, 

Asn69, Gly102, Thr103, Thr157, Ala158, Lys161, Pro162, Gly167, Gln170, 

Cys171, Val172, Asn181, Asp183 and Leu184 are the amino acids having the 
potently to bind with other protein. In terms of Glycam-1, the interacting amino 

acids Asn21, Lys22, Thr27, His28, Leu29, Glu30, Ala31, Gln32, Pro76, Gln77, 

Pro81, Lys82, Leu83, Leu85, Ser86, Lys89, Glu135, Lys138 Tyr139 and Ser145 

are actively involved in interaction with L-selectin.  

 
Conclusion 

 

In the era of protein-protein interaction-based structure functions, it is known to 

mediate the cell-cell recognition and adhesion events through the protein -

carbohydrate interactions. Generally, it was reported that L-selectin ligand 

binding is significantly abrogated when the cells were treated with GalNAc which 
leads blocking of O-linked sugar synthesis. Slex selectin interaction and its Ca2+ 

independent, this binds to an alternative region of selectin domain.  Through this 

study we have conform this experimental proof and L-selectin interaction with 

Glycam-1 is major protein mechanism involves in immunize to lactation process. 

This binding mechanism regulates the leukocyte rolling, tethering on vascular 
endothelial cells and promotes selectin shedding, and for that the information for 

selective amino acids to target is missing. Through this study, the protein 

structure for L-selectin with sLex and L-selectin with Glycam1 are visualized and 
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reported. As far as, the structure of Glycam1 has not yet studied till its structure 

level and this is the first study to report the Glycam1 structure. Interaction 

between these proteins is visualized and amino acid contributions are represented 

in the interactions and surface analysis. Molecular interaction studies inform that 
Lys106 is having the hold with sLex and in terms of Ca2+ Glu118, Asn120, 

Glu126, Asn143 and Asp144 are showing the interactions. From this study, we 

tried to elucidate major structural details of protein L-selectin and Glycam1, 

which are lacking still now. We believe that this molecular insightful information 

provided will be beneficial for the future research in this dairy industry. 

 
Declaration of Interest 

All the authors confidently declare that there is nothing to declare. 

 

References 

 

1. A. Etzioni, Adhesion molecules--their role in health and disease, Pediatr Res 
39 (1996), pp. 191-8. 

2. A. Hafezi-Moghadam, K.L. Thomas, A.J. Prorock, Y. Huo, and K. Ley, L-
selectin shedding regulates leukocyte recruitment, J Exp Med 193 (2001), pp. 

863-72. 

3. A. Roy, A. Kucukural, and Y. Zhang, I-TASSER: a unified platform for 
automated protein structure and function prediction, Nat Protoc 5 (2010), pp. 

725-38. 
4. A.O. Fadaka, O.O. Bakare, N.R.S. Sibuyi, and A. Klein, Gene Expression 

Alterations and Molecular Analysis of CHEK1 in Solid Tumors, Cancers (Basel) 

12 (2020). 

5. A.R. Jolazadeh, T. Mohammadabadi, M. Dehghan-Banadaky, M. Chaji, and 

M. Garcia, Effect of supplementation fat during the last 3 weeks of uterine life 
and the preweaning period on performance, ruminal fermentation, blood 
metabolites, passive immunity and health of the newborn calf, Br J Nutr 122 
(2019), pp. 1346-1358. 

6. B. Webb, and A. Sali, Protein Structure Modeling with MODELLER, Methods 

Mol Biol 1654 (2017), pp. 39-54. 

7. B.J. Bequette, C.E. Kyle, L.A. Crompton, V. Buchan, and M.D. Hanigan, 

Insulin regulates milk production and mammary gland and hind-leg amino acid 
fluxes and blood flow in lactating goats, J Dairy Sci 84 (2001), pp. 241-55. 

8. C. Camacho, G. Coulouris, V. Avagyan, N. Ma, J. Papadopoulos, K. Bealer, 
and T.L. Madden, BLAST+: architecture and applications, BMC Bioinformatics 

10 (2009), p. 421. 

9. C. Selvaraj, A. Omer, P. Singh, and S.K. Singh, Molecular insights of protein 
contour recognition with ligand pharmacophoric sites through combinatorial 
library design and MD simulation in validating HTLV-1 PR inhibitors, Mol 

Biosyst 11 (2015), pp. 178-89. 

10. C. Selvaraj, D.C. Dinesh, U. Panwar, R. Abhirami, E. Boura, and S.K. Singh, 
Structure-based virtual screening and molecular dynamics simulation of SARS-
CoV-2 Guanine-N7 methyltransferase (nsp14) for identifying antiviral inhibitors 
against COVID-19, J Biomol Struct Dyn (2020), pp. 1-12. 

11. C. Selvaraj, J. Sivakamavalli, B. Vaseeharan, P. Singh, and S.K. Singh, 

Examine the characterization of biofilm formation and inhibition by targeting 



 

 

3707 

SrtA mechanism in Bacillus subtilis: a combined experimental and theoretical 
study, J Mol Model 20 (2014), p. 2364. 

12. C. Selvaraj, J. Sivakamavalli, B. Vaseeharan, P. Singh, and S.K. Singh,  

Structural elucidation of SrtA enzyme in Enterococcus faecalis: an emphasis on 
screening of potential inhibitors against the biofilm formation, Mol Biosyst 10 

(2014), pp. 1775-89. 

13. C. Selvaraj, R. Bharathi Priya, and S.K. Singh, Communication of gamma 
phage lysin plyG enzymes binding toward SrtA for inhibition of Bacillus 
anthracis: protein-protein interaction and molecular dynamics study, Cell 

Commun Adhes 21 (2014), pp. 257-65. 

14. C. Selvaraj, S. Sakkiah, W. Tong, and H. Hong, Molecular dynamics 
simulations and applications in computational toxicology and nanotoxicology, 

Food Chem Toxicol 112 (2018), pp. 495-506. 

15. C. Vogel, and E.M. Marcotte, Insights into the regulation of protein abundance 
from proteomic and transcriptomic analyses, Nat Rev Genet 13 (2012), pp. 

227-32. 

16. D. Dowbenko, A. Kikuta, C. Fennie, N. Gillett, and L.A. Lasky, Glycosylation-
dependent cell adhesion molecule 1 (GlyCAM 1) mucin is expressed by 
lactating mammary gland epithelial cells and is present in milk, J Clin Invest 
92 (1993), pp. 952-60. 

17. D. Schneidman-Duhovny, Y. Inbar, R. Nussinov, and H.J. Wolfson, 

PatchDock and SymmDock: servers for rigid and symmetric docking, Nucleic 

Acids Res 33 (2005), pp. W363-7. 

18. D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark, and H.J. 

Berendsen, GROMACS: fast, flexible, and free, J Comput Chem 26 (2005), pp. 
1701-18. 

19. E. Mashiach, D. Schneidman-Duhovny, N. Andrusier, R. Nussinov, and H.J. 

Wolfson, FireDock: a web server for fast interaction refinement in molecular 
docking, Nucleic Acids Res 36 (2008), pp. W229-32. 

20. E. Zandi, A.A. Mehrgardi, and A. Esmailizadeh, Mammary tissue 
transcriptomic analysis for construction of integrated regulatory networks 
involved in lactogenesis of Ovis aries, Genomics (2020). 

21. E.M. Paula, G.A. Broderick, M.A.C. Danes, N.E. Lobos, G.I. Zanton, and A.P. 

Faciola, Effects of replacing soybean meal with canola meal or treated canola 
meal on ruminal digestion, omasal nutrient flow, and performance in lactating 
dairy cows, J Dairy Sci 101 (2018), pp. 328-339. 

22. Egbuna, Chukwuebuka, Kingsley C. Patrick-Iwuanyanwu, Eugene N. 

Onyeike, Johra Khan, and Bader Alshehri. "FMS-like tyrosine kinase-3 (FLT3) 
inhibitors with better binding affinity and ADMET properties than sorafenib 
and gilteritinib against acute myeloid leukemia: in silico studies." Journal of 
Biomolecular Structure and Dynamics (2021): 1-12. 

23. G. Hernandez Mir, J. Helin, K.P. Skarp, R.D. Cummings, A. Makitie, R. 

Renkonen, and A. Leppanen, Glycoforms of human endothelial CD34 that bind 
L-selectin carry sulfated sialyl Lewis x capped O- and N-glycans, Blood 114 

(2009), pp. 733-41. 

24. H. Malmir, B. Larijani, and A. Esmaillzadeh, Consumption of milk and dairy 
products and risk of osteoporosis and hip fracture: a systematic review and 
Meta-analysis, Crit Rev Food Sci Nutr 60 (2020), pp. 1722-1737. 

25. I. Tvaroska, C. Selvaraj, and J. Koca, Selectins-The Two Dr. Jekyll and Mr. 

Hyde Faces of Adhesion Molecules-A Review, Molecules 25 (2020). 



         3708 

26. J. Kappelmayer, and B. Nagy, Jr., The Interaction of Selectins and PSGL-1 as a 
Key Component in Thrombus Formation and Cancer Progression, Biomed Res 

Int 2017 (2017), p. 6138145. 

27. J. Sivakamavalli, C. Selvaraj, S.K. Singh, and B. Vaseeharan, Exploration of 
protein-protein interaction effects on alpha-2-macroglobulin in an inhibition of 
serine protease through gene expression and molecular simulations studies, J 
Biomol Struct Dyn 32 (2014), pp. 1841-54. 

28. J. Sivakamavalli, C. Selvaraj, S.K. Singh, and B. Vaseeharan, In vitro and in 
silico studies on cell adhesion protein peroxinectin from Fenneropenaeus 
indicus and screening of heme blockers against activity, J Mol Recognit 29 

(2016), pp. 186-98. 

29. J. Yang, R. Yan, A. Roy, D. Xu, J. Poisson, and Y. Zhang, The I-TASSER Suite: 
protein structure and function prediction, Nat Methods 12 (2015), pp. 7-8. 

30. J.G. Bruno, and T. Phillips, Beacons Contribute Valuable Empirical 
Information to Theoretical 3-D Aptamer-Peptide Binding, J Fluoresc 29 (2019), 

pp. 711-717. 

31. J.H. Hilgers, and P.C. Hageman, A review on antigens of milkfat globule 
membranes and their value for diagnosis and prognosis of breast cancer and 
other carcinomas, Keio J Med 35 (1986), pp. 235-44. 

32. K. Ley, Sulfated sugars for rolling lymphocytes, J Exp Med 198 (2003), pp. 

1285-8. 
33. K. Svennersten-Sjaunja, and K. Olsson, Endocrinology of milk production, 

Domest Anim Endocrinol 29 (2005), pp. 241-58. 

34. L. Hennighausen, and G.W. Robinson, Information networks in the mammary 

gland, Nat Rev Mol Cell Biol 6 (2005), pp. 715-25. 

35. M. Shimizu, and K. Yamauchi, Isolation and characterization of mucin-like 
glycoprotein in human milk fat globule membrane, J Biochem 91 (1982), pp. 

515-24. 

36. M. Silva, P.A. Videira, and R. Sackstein, E-Selectin Ligands in the Human 
Mononuclear Phagocyte System: Implications for Infection, Inflammation, and 
Immunotherapy, Front Immunol 8 (2017), p. 1878. 

37. M. Sperandio, C.A. Gleissner, and K. Ley, Glycosylation in immune cell 
trafficking, Immunol Rev 230 (2009), pp. 97-113. 

38. M.A. Groenen, R.J. Dijkhof, and J.J. van der Poel, Characterization of a 
GlyCAM1-like gene (glycosylation-dependent cell adhesion molecule 1) which is 
highly and specifically expressed in the lactating bovine mammary gland, Gene 

158 (1995), pp. 189-95. 
39. M.J. D'Occhio, G. Campanile, L. Zicarelli, J.A. Visintin, and P.S. Baruselli, 

Adhesion molecules in gamete transport, fertilization, early embryonic 
development, and implantation-role in establishing a pregnancy in cattle: A 
review, Mol Reprod Dev 87 (2020), pp. 206-222. 

40. N. Andrusier, R. Nussinov, and H.J. Wolfson, FireDock: fast interaction 
refinement in molecular docking, Proteins 69 (2007), pp. 139-59. 

41. P. Vijayalakshmi, C. Selvaraj, S.K. Singh, J. Nisha, K. Saipriya, and P. Daisy, 
Exploration of the binding of DNA binding ligands to Staphylococcal DNA 
through QM/MM docking and molecular dynamics simulation, J Biomol Struct 

Dyn 31 (2013), pp. 561-71. 

42. R. Briones, C. Blau, C. Kutzner, B.L. de Groot, and C. Aponte-Santamaria, 

GROmarhos: A GROMACS-Based Toolset to Analyze Density Maps Derived 

from Molecular Dynamics Simulations, Biophys J 116 (2019), pp. 4-11. 



 

 

3709 

43. R.B. Elliott, D.P. Harris, J.P. Hill, N.J. Bibby, and H.E. Wasmuth, Type I 
(insulin-dependent) diabetes mellitus and cow milk: casein variant 
consumption, Diabetologia 42 (1999), pp. 292-6. 

44. R.B. Reis, and D.K. Combs, Effects of increasing levels of grain 
supplementation on rumen environment and lactation performance of dairy 
cows grazing grass-legume pasture, J Dairy Sci 83 (2000), pp. 2888-98. 

45. R.H. Yolken, J.A. Peterson, S.L. Vonderfecht, E.T. Fouts, K. Midthun, and 

D.S. Newburg, Human milk mucin inhibits rotavirus replication and prevents 
experimental gastroenteritis, J Clin Invest 90 (1992), pp. 1984-91. 

46. R.M. Shafreen, C. Selvaraj, S.K. Singh, and S.K. Pandian, Exploration of 
fluoroquinolone resistance in Streptococcus pyogenes: comparative structure 

analysis of wild-type and mutant DNA gyrase, J Mol Recognit 26 (2013), pp. 
276-85. 

47. Rudrapal, Mithun, Neelutpal Gogoi, Dipak Chetia, Johra Khan, Saeed 

Banwas, Bader Alshehri, Mohammed A. Alaidarous, Umesh D. Laddha, 

Shubham J. Khairnar, and Sanjay G. Walode. "Repurposing of 

phytomedicine-derived bioactive compounds with promising anti-SARS-CoV-2 

potential: Molecular docking, MD simulation and drug-likeness/ADMET 
studies." Saudi Journal of Biological Sciences 29, no. 4 (2022): 2432-2446. 

48. S. Maiti, A. Banerjee, A. Nazmeen, M. Kanwar, and S. Das, Active-site 
Molecular docking of Nigellidine with nucleocapsid- NSP2-MPro of COVID-19 
and to human IL1R-IL6R and strong antioxidant role of Nigella-sativa in 
experimental rats, J Drug Target (2020), pp. 1-23. 

49. S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M.R. 
Shirts, J.C. Smith, P.M. Kasson, D. van der Spoel, B. Hess, and E. Lindahl, 

GROMACS 4.5: a high-throughput and highly parallel open source molecular 
simulation toolkit, Bioinformatics 29 (2013), pp. 845-54. 

50. S. Wu, J. Skolnick, and Y. Zhang, Ab initio modeling of small proteins by 
iterative TASSER simulations, BMC Biol 5 (2007), p. 17. 

51. S. Yadav, S. Gupta, C. Selvaraj, P.K. Doharey, A. Verma, S.K. Singh, and J.K. 

Saxena, In silico and in vitro studies on the protein-protein interactions 
between Brugia malayi immunomodulatory protein calreticulin and human 
C1q, PLoS One 9 (2014), p. e106413. 

52. S.A. Eming, P. Martin, and M. Tomic-Canic, Wound repair and regeneration: 
mechanisms, signaling, and translation, Sci Transl Med 6 (2014), p. 265sr6. 

53. S.F. Altschul, W. Gish, W. Miller, E.W. Myers, and D.J. Lipman, Basic local 

alignment search tool, J Mol Biol 215 (1990), pp. 403-10. 

54. S.I. Arriola Apelo, J.R. Knapp, and M.D. Hanigan, Invited review: Current 
representation and future trends of predicting amino acid utilization in the 
lactating dairy cow, J Dairy Sci 97 (2014), pp. 4000-17. 

55. S.R. Barthel, J.D. Gavino, L. Descheny, and C.J. Dimitroff, Targeting selectins 
and selectin ligands in inflammation and cancer, Expert Opin Ther Targets 11 

(2007), pp. 1473-91. 

56. W.R. Pearson, BLAST and FASTA similarity searching for multiple sequence 
alignment, Methods Mol Biol 1079 (2014), pp. 75-101. 

 

 
 

 

 



         3710 

Figure 1 

 

 
Figure 1a: 3D homology model structure of L-selectin from Bos taurus 

 

 
Figure 1b: 3D homology model structure of Glycam from Bos taurus 

 

 
Figure 2: RMSD plot for the MD simulation of L-selectin and Glycam1 modeled 

proteins from Bos taurus 
 

 
Figure 3: Ramachandran Plot of (a) L-selectin and (b) Glycam1 modeled proteins 

from Bos taurus 
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Figure 4: Surface interaction of Protein-protein interaction of L-selectin with Nag 

and Glycam1 showing the protein-protein binding in the NAG region 

 

 
Figure 5: Molecular interaction of (a) co-factor and (b) metal atom interactions 

with L-selectin 
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Figure 6: (a) Protein-protein interaction of L-selectin with Nag and Glycam1 

showing the protein-protein binding in the NAG region (b) Residue wise 
participation of L-selectin (A-chain) and Glycam1(B-chain) 
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Mechanistic Insights of Glycosylation-dependent cell adhesion molecule-1 with L-
selectin expressed in the lactating bovine mammary gland 

 

 
Figure S1: Secondary structure alignment of L-selectin homology model pattern 

from Bos Taurus 
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Figure S2: Secondary structure alignment of Glycam1 homology model pattern 

from Bos Taurus 
 

 
Figure S3: Network topology of L-selectin homology modeled protein 

 

 
Figure S4: Network topology of Glycam1 modeled using the threading Method. 
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Figure S5: Quality of model protein L-selectin through Errat2 prediction 

 

 
Figure S6: Quality of model protein Glycam1 through Errat2 prediction 

 


