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Arabidopsis thaliana L. is a small flowering plant that is widely used as a model organism in plant biology.  

In the present study, we study the peripheral membrane protein ATEXPA23 from Arabidopsis thaliana L. using  

homology modelling and molecular docking. The microarray analysis shows expression of ATEXPA23 (AT5G39280) 

protein, which leads to loosening and extension of plant cell walls. This protein is differentially expressed during  

different stages of plant embryogenesis. It contains one expansin-like CBD domain and one expansin-like EG45  

domain. ATEXPA23 belongs to the expansin family in expansin a subfamily. The 3D model after refinement is  

used to explore the xyloglucan binding characteristics of ATEXPA23 using AutoDock. The docking analysis shows  

that the surface exposed aromatic amino acid residues Phe 193 and Phe 265 interact with ligand xyloglucan  

through CH-л interaction. The binding energy values of docking reflect a stable conformation of the docked complex.  

The interaction of expansin protein with carbohydrate xyloglucan, present in hemicellulose structures of plant  

cell wall, is thoroughly analysed with cellotetrose and xyloglucan heptasaccharide using electrostatic potential calculation. 

This CH-л non-covalent interaction predominates on the cellulose-xyloglucan interaction in plant cell wall during  
cell growth. 
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Expansins are typically 250-275 amino acids long, 
pH-dependent wall-loosening proteins

1
 required for 

cell expansion
2
 in many developmental processes  

e.g. plant embryogenesis, leaf initiation fruit softening
3
, 

xylem formation
4
, abscission

5
, seed germination

6
, root 

colonization
7
, internodal elongation

8
, root elongation

9
, 

root hair initiation
10

 and the penetration of  
pollen tubes etc. Expansins are peripheral membrane 
proteins (UniProt B - Q9FL79 (EXP23_ARATH)) 
that have an affinity for the membrane because they 

bind either another membrane protein or lipid head 
groups. Peripheral membrane proteins do not integrate 
into the hydrophobic core layer. Expansin genes,  
first isolated from cucumber (Cucumis sativus L.)

11 

have now been identified in many plant species  
e.g. Arabidopsis

10
, tomato, oat, maize

12
, rice

8
, soybean

9
 

etc. Among 35 expansin genes in Arabidopsis 
thaliana L., 26 genes code for α-expansins (EXPA),  
5 genes code for β-expansins (EXPB) whereas 3 
genes code for α-expansin like-proteins (EXLA) and 
the rest one gene codes for β-expansin  
like-protein (EXLB)

13,14
. 

The mature expansins are of 25-27 kDa, consisting of 

two domains
13

. 

i. An amino-terminal domain of ~120 amino acid 

residues with structural and sequence similarity to 

family-45 endoglucanases and hosts a series of 

conserved cysteines and a His-Phe-Asp (HFD) 

motif that makes up part of the catalytic site of 

family-45 endoglucanases. 

ii. A carboxy-terminal domain of ~98 amino  

acid residues that is hypothesized to function  

as a polysaccharide-binding domain (this is not 

experimentally established), based on conserved 

aromatic and polar residues on the surface of the 

protein.  

In the plant cell wall, the cellulose microfibrils are 

linked via hemi cellulosic tethers to form the 

cellulose-hemicellulose network, which is embedded 

in the pectin matrix. Hemicellulose is a complex 

polysaccharide matrix composed of different residues 

branched in three kinds of backbones, named xylan, 

xyloglucan (XyG) and mannan. Xyloglucans have a main 

β-D-(1→4)-glucan backbone (denoted as G) generally 

branched with α(1→6)-linked D-xylopyranosyl (denoted 

as X) or β-D-galactopyranosyl (1→2)-D-xylopyranosyl 

—————— 
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residues (denoted as L). The structure and molecular 

distribution of these XyG side chains varies in 

different plant tissues and species. As stated earlier, 

expansins disrupt the cellulose-hemicellulose 

association transiently, allowing slippage or 

movement of cell wall polymers
15

. In the year 2000, 

Cosgrove DJ
1
 proposed that at low pH, plant cell wall 

extends faster. This event is known as ‗acid growth‘. 

Cellulose microfibrils exhibited few cellulose  

cross-peaks with the main hemicellulose, xyloglucan, 

suggesting limited entrapment in the microfibrils 

rather than extensive surface coating. The entrapped 

xyloglucan has motional properties that are 

intermediate between the rigid cellulose and the 

dynamic pectins
16

. But the molecular mechanism by 

which expansin loosens the cellulosic network within 

the cell wall is not yet established. α-Expansins 

(EXPA) may promote such movement by inducing 

local dissociation and slippage of xyloglucans on the 

surface of the cellulose and the optimum pH for cell 

wall extension for α-expansins is pH 4 whereas  

β-expansins (EXPB) work on a different glycan, 

perhaps xylan, for similar effect with pH optimum in 

between 5 and 6 (for maize pollen)
13

. 

By analysing the results of microarray datasets for 

different stages of embryogenesis in Arabidopsis, it 

has been observed that certain expansin genes are 

over expressed in specific tissues during their growth. 

In the early stage of embryogenesis, the zygote 

elongates 3 times before the cell division as a result of 

the extension of the cells along the side walls. In 

preglobular stage of embryogenesis. α-expansin 

proteins e.g. ATEXPA21 and ATEXPA23 are 

expressed in higher amounts (results are not shown). 

ATEXPA21 functions through plant-type cell wall 

modification involved in multidimensional cell 

growth as well as unidimensional cell growth. But 

ATEXPA23 involves in unidimensional cell growth 

only. ATEXPA23 is expressed significantly only 

during globular (specifically preglobular) stage of 

embryogenesis as shown in the results from 

Arabidopsis eFP Browser
17

. 

Computational approaches are frequently  

used for the sequence analysis and functional 

characterization of proteins
18,19

. Various structural and 

physicochemical properties of proteins can be 

illustrated by using computational tools when the 

crystal structure of interested protein is not 

available
20

. Although precise and accurate structure of 

proteins can be guaranteed by experimental methods 

but the disadvantage is that the wet laboratory based 

methods are time consuming and large amount of 

purified protein is required for this purpose. 

Electrostatic interactions play important role  

in biological process by controlling protein- ligand 

interactions. Many proteins e.g. trypsin, 

acetylcholinesterase
21

, bacterial expansin
22

 are 

analyzed with their electrostatic potentials along with 

their functions. 

We have used computational methods as an 

excellent and cost-effective alternative for analyzing 

structure and function of 259 amino acid long protein 

ATEXPA23. By using computational biology 

methods, we predict the structure of the protein and 

its interactions the ligand.  

Though there are innumerable reports on the 

involvement of expansin proteins in various 

developmental processes in plants, the crystal 

structure of the Arabidopsis protein is not available 

yet. Not only 3D structures but also the role of these 

proteins during cell elongation must be clarified. 

Exact mechanism of interaction of expansin proteins 

with different carbohydrate moieties is not completely 

explained till now. In this context, structural aspects 

of ATEXPA23 and studies on interaction with plant 

cell wall carbohydrate molecules e.g. xyloglucan, 

cellotetrose molecules have been carried out in our 

present work. The results obtained might be helpful to 

identify the role of expansin in cell elongation. The 

protein is subjected to several online and desktop 

based bioinformatics tools to study physicochemical 

properties. The 3D structure of the protein is 

established using homology modelling approach. The 

predicted structure is used for docking xyloglucan and 

identify the ligand-protein interaction sites. The study 

reveals amino acids present in the ligand binding site. 
 

Materials and Methods 
 

3D structure prediction 

For a monomeric protein, tertiary structure 

prediction is of vital importance for function 

prediction. Three dimensional structure prediction  

can be done by using different methods e.g. homology 

modelling, fold recognition/threading and De-novo/ 

Abs-initio methods. Among several web servers for 

structure prediction, we use SWISS-Model
23

. 
 

Homology modelling 

Homology modelling of ATEXPA23 was carried 

out by SWISS-MODEL Version 8.05
23

 by using 

NCBI Reference Sequence: NP_198744.1. The 

Following steps were followed: 

http://en.wikipedia.org/wiki/Polymer
http://www.ebi.ac.uk/ego/DisplayGoTerm?id=GO:0009831
http://www.ebi.ac.uk/ego/DisplayGoTerm?id=GO:0009831
http://www.ebi.ac.uk/ego/DisplayGoTerm?id=GO:0009831
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Template Search  

Template search with Blast and HHBlits was 

performed against the SWISS-MODEL template library 

(SMTL, last update: 2016-01-06, last included PDB 

release: 2015-12-31). The target sequence was searched 

with BLAST
24

 against the primary amino acid sequence 

contained in the SMTL. A total of 30 templates were 

found. An initial HHblits profile was built using the 

procedure outlined in
25

 followed by 1 iteration of 

HHblits against NR20. The obtained profile was then 

searched against all profiles of SMTL. A total of 26 

templates were found. 
 

Template Selection 

For each identified template, the template‘s quality 

was predicted from features of the target-template 

alignment. The templates with the high quality were 

then been selected for model building. 
 

Model Building 

Models were built based on the target-template 

alignment using Pro mod-II. Coordinates which were 

conserved between the target and the template were 

copied from the template to the model. Insertions and 

deletions were remodeled using a fragment library. 

Side chains were then rebuilt. Finally, the geometry of 

the resulting model was regularized by using a force 

field. When loop modelling with ProMod-II
26 

did not 

give satisfactory results, an alternative model was 

built using MODELLER
27

. 
 

Model Quality Estimation 

The global and per-residue model quality was 

assessed using the QMEAN scoring function
28

. For 

improved performance, weights of the individual 

QMEAN terms were trained specifically for  

SWISS-MODEL. The QMEAN score is a composite 

score consisting of a linear combination of 6 terms. 

The pseudo-energies of the contributing terms are 

given below together with their Z-scores with respect 

to scores obtained for high-resolution experimental 

structures of similar size solved by X-ray 

crystallography. 
 

Secondary structure analysis of the modelled protein  

Secondary structure analyses of the query protein 

were performed by PSIPRED Server
29

. The 

physicochemical parameters of the protein sequence 

that included amino-acid and atomic compositions, 

molecular weight and isoelectric point (ρI) were 

computed by FFPred v2.0 (Eukaryotic Function 

Prediction) obtained from The PSIPRED Protein 

Sequence Analysis Workbench
30

.  

The sequence was then submitted to PDBsum
31

, a 

pictorial database that provides an at-a-glance 

overview of the contents of each 3D structure 

deposited in the Protein Data Bank (PDB) and to 

evaluate the detailed topology and identify the clefts 

in the protein. 
 

Protein- ligand Molecular docking  

The 3D structure of the ligand molecule was 

obtained from PubChem database (CID: 11147508). 

Docking of ATEXPA23 with ligand xyloglucan was 

carried with AutoDock 4.2.3. The most favorable 

docking strucure with least binding energy was 

visualized by the USCF Chimera software
32

. The 

MMFF94 force field
33

 was used for energy 

minimization of ligand molecule xyloglucan. Gasteiger 

partial charges were added to the ligand atoms.  

Non-polar hydrogen atoms were merged, and rotatable 

bonds were defined. Affinity (grid) maps of  

60X60X60 Å grid points and 1.5Å spacing  

were generated using the Autogrid program
34

.  

Each docking experiment was derived from  

20 different runs that are set to terminate after a 

maximum of 250000 energy evaluations. The 

population size was set to 50.  
 

Electrostatic potential map generation 

For both protein ATEXPA23 and protein- ligand 

binding structure, electrostatic potential energy was 

calculated by using Adaptive Poisson-Boltzmann 

Solver (APBS) system
35

 by solving linear Poisson 

Boltzmann equation.  
 

Results 
 

Results for homology modelling and model quality estimation 

Results for template search and template selection 

Of all the PDB templates retrieved by HHblits and 

BLAST search from SWISS MODEL server, 

2HCZ1.A template for amino acid range 31-259 

showed the best sequence similarity with highest 

coverage with NCBI Reference Sequence: 

NP_198744.1 with β–expansin 1a protein from  

Zea maize (Table 1). 
 

Model building and model quality estimation 

The structure predicted by SWISS-MODEL 

Version 8.05 with the  helices and β pleated sheets 

visualized by Jmol 11.6.1 and its (blue) 

superimposition with the template (red) was illustrated 

in (Fig. 2). The modelled structure had GMQE score of 

0.57 and QMEAN4 of −10.17 (Table 2). 

Superimposition of Cα backbone structure of query 

protein ATEXPA23 with its template 2hcz.1. A using 
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UCSF Chimera
32 

(Fig. 1) suggested that structural 

alignment was good. In both the proteins, the two 

domains namely family-45 endoglucanase-like 

domain and Cellulose-binding-like domain obtained 

from Prosite motif search library are found 

distinguishably. 

2hcz.1.A (β-expansin 1a) (EXPB1_MAIZE) was 

identified as the template with sequence identity 

29.95 with EXP23_ARATH (Fig. 2). The residues 

Gly 74, 77,104, 206, Ala 75, Cys 76, 106 Tyr 107, 

His 150, Phe 151, Asp 152, 207, Leu 153, Ser 154,  

Ile 208, Leu 210, and Met 211 were found to be 

conserved in template and query sequences in patches 

of primary sequences where four or more amino acids 

were similar in two sequences. Five amino acid 

residues, Gly 206, Asp 207, Ile 208, Leu 210 and  

Met 211 are present at a stretch in the cellulose 

binding domain of both the proteins. 
 

Seconadry structure analysis of predicted model 

FFPred v2.0 (Eukaryotic Function Prediction)
30

 

was used for primary sequence analyses of 

ATEXPA23. Examination of the predicted protein 

model (PM) using PSIPRED
29

 reveals 5 β sheets,  

5 hairpins, 3 psi loops, 7  bulges, 16 strands, 3 helices, 

27  turns, 5  turns and 3 disulphide bonds . 

Amino acid compositions of ATEXPA23 shows 

that aliphatic, hydrophobic amino acids e.g. gly and 

valine are present in higher amount whereas amino 

acids containing charged side chains e.g. glutamate, 

arginine and histidine are present in very less 

amounts.To check the reliability of 3D model, 

Ramachandran plot corresponding to the predicted 

model (PM) was generated using website 

PDBSum
31

/PROCHECK
36

. Validation shows that 

66.7% of the residues were in the most favoured 

regions of Ramachandran plot, followed by 28.5% in 

additional allowed regions, 3.8% in generously 

allowed regions and 1.1% in disallowed regions. 
 

Docking studies 

Molecular docking method was applied for 

prediction of of the binding site of ATEXPA23 for 

various ligands e.g. cellotetrose (CID 91972060), 

xyloglucan oligosaccharide (CID 54758601), xyloglucan 

(CID 529401) and xyliglucan heptasaccharide (CID 

4463046). Docking calculations were carried out 

using Docking Server
37

. Gasteiger partial charges 

were added to the four ligand atoms. Non-polar 

hydrogen atoms were merged, and rotatable bonds 

were set as 10. Docking calculations were carried out 

on every protein ligand model. Essential hydrogen 

atoms, Kollman united atom type charges, and 

solvation parameters were added with the aid of 

AutoDock tools 
34

. Affinity (grid) maps of 60X60X60 

Å grid points and 1Å spacing were generated using 

the Autogrid program
34

. Auto Dock parameter set- 

and distance-dependent dielectric functions were used 

in the calculation of the van der Waals and the 

electrostatic terms, respectively. 

Docking simulations were performed using the 

Lamarckian genetic algorithm (LGA) and the Solis & 

Wets local search method
38

. Initial position, 

orientation, and torsions of the ligand molecules were 

set randomly. Highest number of rotatable torsions 

are released during each docking. Each docking result 

was derived from 10 different runs that were set to 

Table 1 — Summary of the results obtained by SWISS-Model using as templates the homologous structures listed 

Model  

no. 

Template Seq 

Identity 

Oligo- 

state 

Found by Method Resolution Seq 

Similarity 

Range Coverage Description GMQE 

score 

QMEAN4 

score 

1 2hcz.1.A 29.95 monomer HHblits X -ray 2.75Å 0.36 31-259 0.84 β-expansin 1a 0.57 −10.17 

2 2hcz.1.A 33.49 monomer BLAST X -ray 2.75Å 0.37 35-259 0.82 β-expansin 1a 0.56 −9.38 

3 1n10.2.A 30.84 monomer HHblits X -ray 2.90Å 0.36 31-255 0.83 Pollen allergen 

Phl p 1 

0.59 −5.68 

 

Table 2 — QMEAN score for ATEXPA23 modelled protein 

Parameters Values for predicted model 

C_β interaction energy −4.07 

All-atom pairwise energy: −4.46 

Solvation energy: −6.75 

Torsion angle energy: −7.15 

Total QMEAN-score: −10.17 
 

 
 

Fig. 1 — Structural superposition of the template 2hcz 1.A and 

modelled ATEXPA23 structure 
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terminate after a maximum of 2500 energy 

evaluations. The population size was set to 50. During 

the search, a translational step of 0.2 Å, and 

quaternion and torsion steps of 5 were applied. 

Results of docking of ATEXPA23 with the four 

ligands were shown in (Table 3). 

Protein –ligand binding for two ligands e.g. 

cellotetrose and xyloglucan heptasaccharide were 

visualized using UCSF Chimera
32

 as shown in 

following (Fig. 3). 
 

Docking structures of cellotetrose and xyloglucan 

heptasaccharide with ATEXPA23 

In cellotetrose and expansin protein complex, the 

interacting amino acids are Thr 232, Thr 231, Gln 

223, Ile 220, and Thr 221. Cellotetrose forms H bonds 

with Thr 232 and Thr 231 with bond lengths of 3.08 

and 3.12 Å respectively, whereas Gln 223 forms a 

polar interaction and Ile 220 shows hydrophobic 

interaction with ATEXPA23. Specifically, O5 atom 

and O21 atom of cellotetrose interacts with CB, CG2, 

OG1 of Thr 232, respectively, through hydrogen 

bonds. Similarly, polar interactions occur between O18 

and H39 with NE2 atom of Gln 223, and H14 and O8 

with OG1 atom of Thr 231. Hydrogen bonding is also 

observed between H42 and OG1 of Thr 232. 

Two types of interactions are observed during 

binding of xyloglucan heptasaccharide with expansin 

protein ATEXPA23. First one is a polar interaction 

with Asn 190 and cation-pi interactions with Phe 265 

and Phe 193. The second type of interaction is 

hydrophobic and involves C9, C10, C11 and C12 

atoms of xyloglucan heptasaccharide and CD2, CE2 

atoms of Phe 265 with distances 3.26, 3.60 3.86, and 

3.64 Å, respectively. Similarly, polar interactions take 

place between H8, O3 and H6 of xyloglucan 

heptasaccharide with ND2 atom of Asn 190 with 

distances 3.55, 3.63 and 3.64 Å, respectively. 

Similarly, polar interactions are observed between 

H8, O3 and H6 of ligand with ND2 atom of Asn190 

with distances 3.55, 3.63 and 3.81 Å, respectively. 

Most importantly cation-pi interactions occur  

among H8 and H3 atoms of this ligand with Phe 193 

and Phe 265 with distances of 3.32 and 3.39 Å, 

respectively. 
 

Electrostatic potential calculation  

Electrostatic potential calculation for protein 

ATEXPA23 shows that in front part only amino  

acid residues namely Thr 112, Cys 90, Ala 75,  

Ser 160 exhibit electrostatic potential of -5 KT/e  

(Fig. 4). A few patches on same part of protein are 

with +5 KT/e electrostatic potential e.g. surface 

around Asn 97, Trp 38, Arg 42, Arg 157, Gly 25 and 

 
 

Fig. 2 — Amino acid sequence of Alignment of ATEXPA23 and the template 2hcz.1.A used for modelling 
 

 
 

Fig. 3 — A Docking structures of cellotetrose and xyloglucan 

heptasaccharide with ATEXPA23 
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Thr 231. The white region of the molecule in images 

indicates the electronegativity difference in that region 

are not very significant. Surfaces around Phe 177,  

Pro 175, Tyr 176, and Val 218 show white colour in 

front part of the protein. Surprisingly in back part no 

red colouration is shown (image not shown). Some 

white and blue patches are shown. Areas of low 

electrostatic potential in images are characterized by an 

abundance of electrons shown in red.  

After binding with xyloglucan, electrostatic potential 

on the surface of ATEXPA23 protein changes totally 

(Fig. 5). Carbohydrate binding domain (CBD) turns red 

with -10 KT/e electrostatic potential whereas family-45 

endoglucanases domain remains less electronegative. 

After binding with xyloglucan molecular electrostatic 

potential surface of CBD domain changes remarkably 

from white to dark red. So, this region becomes highly 

electronegative from its neutral character on its surface. 

Table 3 — Molecular docking results for different ligands 

Comp no. Pubchem ID no. 

and 2D structure 

Name of ligand Binding energy 

(Kcal/ mol) 

Internal energy 

(Kcal/ mol) 

Intermolecular 

energy (Kcal/mol) 

Torsional 

energy 

(Kcal/mol) 

Electrostatic 

energy(Kcal/mol) 

1 CID91972060 

 

 

Cellotetrose −2.27 −8.63 −2.51 7.16 0.06 

2 CID54758601 

 

 

Xyloglucan 

oligosaccharide 

1.33 −6.03 −1.92 8.35 0 

3 CID52940180 

 

 

Xyloglucan −2.91 −9.92 −3.48 8.35 0 

4 CID44630346 

 

Xyloglucan 

heptasaccharide 
−0.14 −9.52 −3.33 8.05 0 
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Discussion 

Cosgrove in 2016
39

 compared the two models of 

primary cell wall structure of plant cell wall structure 

of plant cells. In the first model, known as the 

tethered network model, xyloglucan molecule  

binds to cellulose microfibril to form a load- bearing 

molecular network. Similarly, in the second  

one, the biomechanical hotspot model depicts  

cellulose-cellulose junctions in primary cell wall, are 

linked by xyloglucan-cellulose amalgam. For both 

models, cellulose-xyloglucan interaction is common 

in primary cell wall structure. Protein expansin plays an 

important role in cell wall expansion by slippage  

or rearrangement of matrix polymers. Structural 

difference between cellulose and hemicelluloses is 

mainly due to substituted xylose residues in 

xyloglucan. From molecular docking studies of 

carbohydrates with expansin protein it can be 

concluded that all interacting amino acids e.g. Thr 232, 

Thr 231, Glu 223, Ile 220, Thr 221 for cellotetrose and 

Asn 190, Phe 193, Phe265 for xyloglucan, are present 

in carbohydrate -binding domain of ATEXPA23 

protein. But the cation-pi interaction occurs during 

xyloglucan heptasaccharide binding with ATEXPA23 

which is completely absent in cellotetrose binding. 

Here expansin protein is non-covalently bound  

with carbohydrates. Specifically, C-H bonds of 

carbohydrate interact preferably with aromatic amino 

acid residues of ATEXPA23. Electropositive C-H 

bonds involve in CH-л interactions with electron-rich 

aromatic groups of Phe 193 and Phe 265, both  

amino acids are present in loop structure of expansin 

protein. This weak CH- л noncovalent interaction 

depends on the type of carbohydrate residue and  

their position within carbohydrate –binding  

modules of the protein
40

. Molecular docking studies 

clearly show that expansin protein preferably  

bind with xyloglucan moiety, compared to cellulose. 

Electrostatic potential study indicates in presence  

of xyloglucan, electrostatic potential of carbohydrate 

binding domain changes completely from neutral  

to highly electronegative. This change also  

confirms the CH-л noncovalent interaction between 

expansin and xyloglucan. Probably this type of  

non-covalent interaction predominates on the 

cellulose-xyloglucan interaction in plant cell wall 

during cell growth. Thus, expansin protein interfere 

the cellulose- xyloglucan network and helps in 

slippage of xyloglucan on the surface of the cellulose 

during cell wall extension. 
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