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1.  Introduction

Glycoside hydrolases from microorganisms play a major role 
in degrading plant cell walls, which account for a large part of 
the biological resources on the earth. The hydrolases have a 
characteristic multimodular architecture [1, 2]. Typical bacte-
rial enzymes include at least one catalytic module and sev-
eral ancillary modules. Some ancillary modules function to 
recognize and bind carbohydrates, such as cellulose, xylan, 
chitin, and pectin, in addition to their hydrolysis function. 
These are called carbohydrate-binding modules (CBMs). 
Binding of polysaccharides by the CBMs enhances the hydro-
lytic activity of enzymes although CBMs themselves do not 

have a hydrolytic function [3, 4]. Furthermore, it is consid-
ered that the binding process of CBMs is the initial and rate-
determining process of the carbohydrate degradation reaction. 
However, the mechanism of the carbohydrate binding remains 
unclear [5].

Since the first discovery of CBMs in 1986, many investi-
gators have sought to unravel the molecular details of selec-
tive carbohydrate binding and the structures of CBMs, mainly 
using nuclear magnetic resonance (NMR) spectroscopy and 
x-ray crystal structure analysis [6]. For example, the binding 
site of CBM1, from Hypocrea jecorina, was elucidated by 
NMR spectroscopy [7], and the topography and the binding 
properties of CBM29, from Piromyces equi and CBM6  
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from Bacillus halodurans were elucidated by x-ray crystal 
structure analysis [8, 9]. Currently, through these and many 
other investigations, CBMs have been classified into more 
than 70 families and three binding types [10]. Type A CBMs 
have a hydrophobic planar surface comprising aromatic resi-
dues that bind crystalline substrates; type B CBMs have open 
clefts that accommodate polysaccharides; and type C CBMs 
have the lectin-like properties, which have structural simi-
larity to the type B CBMs, but bind smaller saccharides in 
surface pocket indentations.

CBM36 is a novel CBM family. It has the unique and 
attractive property of being able to bind xylan preferentially 
when Ca2+ is present at its binding site. It was reported by 
Jamal-Talabani et  al [11] in 2004 as the first example of a 
calcium-dependent CBM. They used 1.6 M MgSO4 solution 
to induce the crystallization and found two ion-binding sites 
in the CBM36 crystals (figure 1). The first ion-binding site, 
which binds Ca2+, consists of the main chain carbonyls of 
Asp35 and Asp125 and the carboxylic oxygens of Asp125 and 
Glu16 side chains. The Ca2+ is also coordinated by a single 
water molecule. The second ion-binding site, which binds 
Mg2+, consists of the main chain carbonyl of Tyr40 and the 
side chain carbonyl of Asp121, and four solvent water mol-
ecules (Protein Data Bank entry ID: 1w0n). In the presence 
of xylotriose and added Ca2+, CBM36 forms a complex with 
xylotriose (Protein Data Bank entry ID: 1ux7). In this struc-
ture, Mg2+ in the second ion-binding site is replaced by Ca2+, 
while the Ca2+ in first ion-binding site is conserved. The Ca2+ 
in the second ion-binding site is coordinated by the main 
chain carbonyl of Trp120, the side chain carboxyl of Asp116 
and Asp121, a single water molecule, and two hydroxyl oxy-
gens from xylotriose (hereafter, we call the ions in the first 
and second ion-binding site the conserved and binding ions, 
respectively, to distinguish them). Although the structure of 
the CBM36–xylotriose complex is well defined, the molecular 

mechanism of the ion dependencies of xylan-binding affinity 
is unclear.

In this paper, we examine the mechanism of selective 
binding of xylan by CBM36 and its ion species dependence 
through the combined use of molecular dynamics (MD) simu-
lations and the 3D reference interaction site model (3D-RISM) 
method. In this approach, structure sampling of protein and 
ligand molecules is conducted using an MD simulation with 
explicit water molecules, which is followed by a solvation 
free energy calculation using the 3D-RISM method. In per-
forming 3D-RISM calculations, the structure and coordinates 
of the protein and the ligand molecules, which are considered 
as ‘solute molecules’, are taken from MD snapshots, and all 
the explicit water molecules used in the MD simulation are 
omitted. For those solute molecules, the distribution of sol-
vent water and solvation free energy are evaluated using the 
3D-RISM method [12–14]. The advantage of this approach 
is that the thermodynamic properties of solvation with the 
complete ensemble average of an infinite number of solvent 
molecules can be obtained, and the fluctuation of the solute 
structure can be considered by the 3D-RISM method and MD 
simulation, respectively. This approach has been successfully 
applied to a variety of the molecular recognition processes of 
biomolecules, including CBMs [15–21]. In particular, Huang 
et al elucidated the role of water in the molecular recognition 
process of maltose-binding protein using 3D-RISM theory 
[20], which clearly shows its effectiveness.

In section  2, we describe the computational details and 
defined systems to which we applied the present approach. 
Section  3 shows the results of simulations, energy calcul
ations, and solvation analysis. In section  4, we discuss the 
origin of the selective xylan binding and the role of Ca2+ at 
the binding site.

2.  Computational methods

2.1.  Structure sampling

For the structure sampling of CBM36, xylotriose, and their 
complex, we performed MD simulations under the iso-
thermal–isobaric (NPT) ensemble. The x-ray crystal structure 
of the CBM36 complexed with xylotriose and Ca2+ (Protein 
Data Bank entry ID: 1ux7) was used for the initial geometry. 
The CBM36 complex was embedded in a rectangular water 
box of about 75  ×  90  ×  80 Å3 with a periodic boundary 
condition. One Na+ was added to neutralize the system, and 
the total system consisted of about 53 000 atoms. To inves-
tigate the xylotriose-binding process and ion dependency of 
xylan-binding affinity, we constructed three similar systems: 
(1) the binding Ca2+ was replaced with Mg2+, (2) xylot-
riose was removed, and (3) xylotriose was removed and the 
binding Ca2+ was replaced with Mg2+. We also constructed 
a system consisting of xylotriose embedded in a rectangular 
water box of about 50  ×  50  ×  50 Å3. Thus, we conducted 
MD simulations of five systems in total. The Amber ff99SB-
ILDN [22], GLYCAM06h [23], and TIP3P [24] force fields 
were used for the CBM36 protein, xylotriose, and water 
molecules, respectively. The ion–oxygen distance (IOD) set  

Figure 1.  Overview of the CBM36 structure taken from Protein 
Data Bank entry ID 1ux7.
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of Lennard-Jones parameters developed by Li et al [25] was 
used for Mg2+ and Ca2+.

We conducted equilibrium MD simulations for 10 ns, which 
were followed by 10 ns MD simulations for the data produc-
tion. Long-range electrostatic interactions were treated with 
the particle mesh Ewald method. Bonds involving hydrogen 
atoms were constrained using the SHAKE method. The equa-
tions of motion were integrated using the leapfrog algorithm 
with an increment of 2 fs at 300 K and 1 bar. Two independent 
MD simulations were conducted for each system. The root-
mean-square deviations of Cα atomic coordinates were about 
1 Å during all the MD simulations, indicating that the CBM36 
has a rigid backbone. However, in the system where Ca2+ 
was substituted with Mg2+, CBM36 could not bind xylotriose 
during the MD simulations. We conducted three additional 
independent MD simulations, but the result was the same. The 
lack of binding indicates that CBM36 with bound Mg2+ has no 
xylan-binding affinity (see below also). Because CBM36 with 
bound Mg2+ could not bind xylotriose for more than 16 ns  
(10 ns for equilibration and 6 ns for sampling), the sampling 
MD simulation for 6 ns was used for further analysis. All the 
MD simulations were conducted using the AMBER 12 pro-
gram package [26].

We also performed similar MD simulations with the 
Lennard-Jones parameters for Mg2+ and Ca2+ substituted 
with those developed by Åqvist [27]. However, even in the 
case of CBM36 with bound Ca2+, all the trajectories did not 
reproduce the xylan-binding state. This result indicates that 
a force-field parameter for ions is essential to reproduce the 
nature of xylan binding. The difference between ion–water 
and ion–ligand interactions may be a key factor to determine 
the xylan-binding affinity. Therefore, the parameter set which 
appropriately reproduces the solvation structure of ions is 
required. The IOD parameter set is determined to reproduce 
the experimental values of the distance between ion and water 
oxygen and the coordination number of water. We therefore 
employed the IOD parameter set for all the analyses below.

2.2.  Solvation free energy calculations

We employed the 3D-RISM method to evaluate the solvation 
free energy and the solvation structure of CBM36, xylotriose, 
and the CBM36–xylotriose complex. The solvation free energy 
was calculated for 1000 snapshots extracted every 10 ps from 
each trajectory (for the Mg2+-bound CBM36–xylotriose com-
plex system, 601 snapshots were used for the solvation free 
energy calculation). Here, all the explicit water molecules and 
the Na+ were omitted from the snapshots. The same potential 
parameters as in the MD simulation were employed for all the 
species. The temperature was 300 K and the density of solvent 
water was 1.0 g cm−3. The grid points in the 3D-RISM calcul
ations were 2563, with a spacing of 0.5 Å. All the 3D-RISM 
calculations were conducted using the 3D-RISM code for the 
general-purpose GPU (GPGPU) developed by Maruyama and 
Hirata [28].

The free energy was calculated on the basis of the 3D-RISM 
and MD simulation by taking an ensemble average over the 
trajectory. Two trajectories were averaged individually with 

different initial conditions for each system. We employed tra-
jectories that have lower averaged free energy in the following 
analysis.

3.  Results and discussion

3.1.  Xylan binding by CBM36

We now consider the process for xylotriose binding by 
CBM36 with bound Ca2+ to clarify the origin of the xylan-
binding affinity at the molecular level. To analyze the process, 
we evaluated the free-energy difference between the xylot-
riose-binding and -unbinding states. The free-energy change 
for the xylotriose binding by CBM36 can be defined as

( )∆ = − +G G G G ,complex P–I X� (1)

where Gcomplex, GP–I, and GX denote the total free energy of the 
CBM36–ion–xylotriose complex, CBM36 with the binding 
ion, and xylotriose, respectively. The total free energy G can 
be decomposed into three components:

δµ= + +G E E ,conf int� (2)

where Econf, Eint, and δμ are the conformational, intermolec-
ular interaction, and solvation free energies, respectively. The 
solvation free energy is evaluated by the following formula 
within the framework of the 3D-RISM method:

( ) ( ( )) ( ) ( ) ( )∫∑δµ ρ= Θ − − −
α

α α α α α
∈

⎜ ⎟
⎛
⎝

⎞
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2

1

2
d ,B

solvent site

2

� (3)

where hα and cα denote the total and direct correlation func-
tions for solvent site α. ρ, kB, and T are the solvent number 
density, the Boltzmann constant, and the absolute temper
ature, respectively. Θ is the Heaviside step function. Here, we 
employed Kovalenko–Hirata closure to solve the 3D-RISM 
equation [13, 14, 29].

By substituting the free energies on the right-hand side of 
equations (1) with (2), equation (1) is rewritten as

δµ∆ = ∆ +∆ +∆G E E ,conf int� (4)

∆ = ∆ +∆E E E ,conf conf
P

conf
X� (5)

and

∆ = ∆ +∆ +∆E E E E ,int int
P–I

int
X–I

int
P–X� (6)

where the superscripts P, I, and X mean the protein (CBM36), 
binding ion, and xylotriose, respectively. We note that the  
conserved Ca2+ is included in the protein term.

Table 1 summarizes the free-energy changes of xylotriose 
binding. In the case of CBM36 with bound Ca2+, the xylo-
triose-binding free energy is  −9.7 kcal mol−1, which shows 
qualitative agreement with the experimental observation, −4.2 
kcal mol−1, although the value is overestimated [11]. The 
overestimation can be attributed to the force-field parameter 
set and the approximations inherent in the MD simulation and 
3D-RISM method. The most important factor is the selection 
of the ion force field. Various models of ion force field have 
been proposed so far. We employ a simple non-bonded-type 
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model for the ion force field, where the interactions are rep-
resented by Coulombic and LJ terms in the model and all the 
other interactions, such as charge transfer, polarization and 
covalent interactions, are omitted. For more accurate results, 
therefore, an elaborated parameter set should be necessary 
[30]. However, the accuracy of the present force field is suf-
ficient for our qualitative discussion on the ion dependency of 
xylan-binding affinity. In table 1, the statistical standard errors 
are also shown. The errors are small enough for the purposes 
of the discussion below. The changes of conformational and 
interaction energy, ∆Econf and ∆Eint, show negative values, 
while that of the solvation free energy, ∆δμ, is positive. The 
value of ∆Eint, −85.9, is much lower than that of ∆Econf, −8.8,  
which indicates that a major driving force of the xylan binding 
by CBM36 is attributed to the interaction between CBM36 
and xylotriose. The interaction energy can be further decom-
posed into the contribution from the van der Waals and elec-
trostatic interaction energies (table 2). The table  shows that 
the electrostatic interaction between xylotriose and Ca2+ 
has a dominant contribution. Figure  2 depicts the averaged 
structure of the CBM36–xylotriose complex. Ca2+ is coor-
dinated by the carboxyl oxygen of Asp116 and Asp121, the 
main chain carbonyl of Tyr40 and Trp120, and two hydroxyl 
oxygens of xylotriose. The electrostatic interactions between 
Ca2+ and the coordinated oxygens strongly contribute to the 
stabilization of the interaction energy between xylotriose and 
Ca2+. The electrostatic interaction between ion and CBM36 
is also stabilized by the xylotriose binding. This stabilization 
occurs because the distance between the carboxyl oxygen 
of Asp116 and Ca2+ becomes shorter due to the xylotriose 
binding (figure 3). Conversely, the van der Waals interac-
tion is dominant in the interaction energy between CBM36 
and xylotriose, ∆Eint

P–X. As can be seen in figure 4, one of the 
glucopyranose rings is stuck between the hydrophobic side 
chains of Tyr26 and Tyr40. We evaluated van der Waals inter-
action energy between xylotriose and Tyr26, and xylotriose 
and Tyr40. The energy is about  −10.2 kcal mol−1, which is 

the major contribution to the stabilization of the van der Waals 
interaction energy.

The solvation free energy change, ∆δμ, shows a largely 
positive value, which can be attributed intuitively to the dehy-
dration penalty of CBM36, the binding ion, and xylotriose 
through making a complex. The solvation free energy, δμ, can 
be decomposed into three terms, namely the solute–solvent 
interaction energy, Euv, the solvent reorganization energy, Evv, 
and the solvation entropy, TδSsolv [31–33]:

δµ δ= + −E E T S .uv vv solv� (7)

The solute–solvent interaction energy, Euv, contributes to 
a positive value of δμ, which results from the solvent water 
molecules on the xylan-binding surface being excluded by the 
steric hindrance of the complex formation. Table 3 shows the 
components of Euv. Although all the components show posi-
tive values, the contribution of the ion is about twice that of 
the others. In figure 5, the distributions of the solvent water 
around the xylan-binding site are depicted. A conspicuous 
distribution can be found near Ca2+, which corresponds to 
the coordinated water molecule suggested by the experiments 
[11]. The distribution of solvent becomes smaller by the com-
plex formation with xylotriose. To compare the peak height 
of the solvent water, the radial distribution functions (RDFs) 
of water oxygen around the Ca2+ are depicted in figure 6. The 
first peak of the RDFs at 2.4 Å becomes lower by xylotriose 
binding. The diminished peak is a result of the coordination 
of the two hydroxyl oxygens of xylotriose to Ca2+ instead of 
the solvent water. By contrast, the solvation entropy and the 
solvent reorganization terms in table 1 are negative, because 
the solvent water molecules on the xylan-binding surface are 
released from hydrophilic interaction with the ion, CBM36, 
and xylotriose.

3.2.  Ion dependency of xylan-binding affinity

CBM36 binds Mg2+ at the xylan-binding site in the absence 
of xylotriose and in the presence of 1.6 M MgSO4, although 
Ca2+ binding takes place in the presence of xylotriose and 
added Ca2+. In this subsection, we consider the mechanism of 
the ion selectivity of CBM36 and its effects on xylan binding.

To consider the ion selectivity of CBM36 at the xylan-
binding site, the free-energy change by Ca2+ substitution with 
Mg2+, ∆GMg–Ca, is evaluated, and is defined as:

( ) ( )) )∆ = + − +G G G G G ,Mg–Ca P(Mg Ca P(Ca Mg� (8)

where GP(Mg) and GCa denote the free energies of CBM36 with 
bound Mg2+ and Ca2+ in water, respectively. ∆GMg–Ca can be 
split into three components, namely the change in structural 
energy of the protein, interaction energy between the protein 
and ion, and solvation free energy:

δµ∆ = ∆ +∆ +∆G E E .Mg–Ca
conf
P

int
P–I� (9)

Table 4 summarizes the free-energy change and its comp
onents by the ion replacement from Ca2+ with Mg2+. The 
results show that CBM36 has a slightly greater affinity for 
Ca2+ than Mg2+ in water. The solvation free energy change 

Table 1.  Free-energy change and its components for xylotriose 
binding to CBM with bound Ca2+ or Mg2+.

Components Ca2+ Mg2+

∆G −9.7 (1.5) 6.5 (1.7)

∆Econf −8.8 (2.3) −6.3 (3.3)

  ∆Econf
P −11.4 (2.3) −10.0 (3.3)

  ∆Econf
X 2.6 (0.3) 3.7 (0.3)

∆Eint −85.9 (0.9) −92.9 (0.8)
  ∆Eint

P–I −19.1 (1.0) −19.0 (0.8)

  ∆Eint
X–I −55.4 (0.4) −57.8 (0.4)

  ∆Eint
P–X −11.3 (0.4) −16.1 (0.4)

∆δμ 85.0 (1.8) 105.8 (2.7)

  ∆Euv 174.5 (3.8) 218.6 (5.5)

  ∆Evv −78.0 (1.8) −95.9 (2.6)
  ∆(–TδSsolv) −11.6 (0.4) −17.0 (0.5)

Note: Units are given in kcal mol−1. The numbers in parentheses are the 
standard error.

J. Phys.: Condens. Matter 28 (2016) 344005
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shows large positive values because Mg2+ should pay a higher 
dehydration penalty than the stabilization of the Ca2+ hydra-
tion. By contrast, protein–ion interaction is strongly stabilized 
by the Mg2+ binding, because the distances between Mg2+ 
and the coordinated residues are shorter than those for Ca2+ 
(figure 7). These structural changes may make the protein 
structure unstable. The dehydration penalty of Mg2+ and the 
enhancement of the protein–ion interaction energy are almost 
canceled out by each other. As a result, the total free-energy 

Table 2.  Components of the interaction energy change after xylotriose binding to CBM with bound Ca2+ or Mg2+.

Components

Ca2+ Mg2+

∆Eint
P–I ∆Eint

X–I ∆Eint
P–X ∆Eint

P–I ∆Eint
X–I ∆Eint

P–X

vdW 3.1 3.6 −20.9 −1.8 2.0 −21.2
(0.2) (0.1) (0.1) (0.2) (0.1) (0.1)

ES −22.2 −59.0 9.6 −17.3 −59.8 5.2
(1.0) (0.4) (0.4) (0.9) (0.4) (0.4)

Note: vdW and ES denote the van der Waals and electrostatic interaction energies, respectively. Units are given in kcal mol−1. The numbers in parentheses 
are the standard error.

Figure 2.  Averaged structures of the CBM36–xylotriose complex 
around the xylan-binding site with Ca2+.

Figure 3.  Structural change of the averaged structures of the 
CBM36–xylotriose complex around the xylan-binding site with 
Ca2+. Green and white colored backbones are the binding and 
unbinding states of CBM36, respectively.

Figure 4.  Close-up view of xylotriose, Tyr40, and Tryr26 of the 
averaged structures of the CBM36–xylotriose complex.

Table 3.  Components of the solute–solvent interaction energy 
change after xylotriose binding to CBM with bound Ca2+ or Mg2+.

Components Ca2+ Mg2+

∆Euv
P 41.3 (3.7) 67.1 (5.7)

∆Euv
I 85.3 (1.0) 99.4 (0.9)

∆Euv
X 47.8 (0.4) 52.2 (0.4)

Note: Units are given in kcal mol−1. The numbers in parentheses are the 
standard error.

J. Phys.: Condens. Matter 28 (2016) 344005
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change due to the ion replacement by Ca2+ with Mg2+ is 
only 4.0 kcal mol−1. This indicates that CBM36 preferably 
binds Ca2+ rather than Mg2+, but it can bind the Mg2+ in an 

environment of high Mg2+ concentration. This result is con-
sistent with experimental observations [11].

To understand the difference in the affinity of binding for 
xylan by CBM36s with bound Ca2+ or Mg2+, the free-energy 
components for the xylan-binding process of both scenarios 
are summarized in table 1. Where CBM36 binds Mg2+, the 
binding free energy, 6.5 kcal mol−1, is positive, which means 
that the CBM36 with bound Mg2+ has no affinity for xylan. 
This result is consistent with the MD simulation. All the 
components for the CBM36 with bound Mg2+ are similar to 
those for the CBM36 with bound Ca2+. The difference in the 
conformational energy change is only 2.5 kcal mol−1 and that 
of the interaction energy is 7 kcal mol−1. As can be seen from 
table 2, the components of the interaction energy show only 
small differences. However, the solvation free energy term 
shows a dramatic change when Ca2+ is replaced by Mg2+: 
the difference is 20.8 kcal mol−1. Such a dramatic change is 
attributed to the stronger Mg2+–water interaction compared 
with that for Ca2+, as discussed above. In figure 6, the RDFs  
of the solvent water oxygen around the binding ions are 
depicted. The first RDF peaks appear at 2.4 Å for Ca2+ and 2.1 Å  
for Mg2+. In both cases, the peaks are attenuated by the for-
mation of a complex with xylotriose. Therefore, Mg2+ should 
pay a higher dehydration penalty due to the complex forma-
tion because of the stronger interaction between the ion and 
water than in the case of Ca2+. This explains the larger change 
in binding ion–solvent interaction energy change, ∆Euv

I . The 

Figure 5.  Isosurface plot of the averaged water distribution around the xylan-binding site of unbinding (left) and binding (right) states 
(isovalue  =  3.0).

Figure 6.  Radial distribution of the solvent water oxygen around 
(a) Ca2+ and (b) Mg2+ at the binding site. Solid and dashed lines 
denote the binding and unbinding states, respectively.

Table 4.  Free-energy change and its components due to ion 
replacement from Ca2+ to Mg2+.

Components

∆GMg–Ca 4.0 (1.4)

∆Econf
P 10.8 (2.4)

∆Eint
P–I −74.4 (0.8)

∆δμ 67.6 (1.7)

Note: The numbers in parentheses are the standard error.

J. Phys.: Condens. Matter 28 (2016) 344005
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other components of the solute–solvent interaction energy of 
CBM36 with bound Mg2+, namely ∆Euv

P  and ∆Euv
X , also show 

greater change than those in the CBM36 with bound Ca2+. 
The change may be attributed to the greater solvation structure 
change due to the complex formation when CBM is bound to 
Mg2+ rather than Ca2+.

These results suggest that the affinity of CBM36 for xylan 
is achieved by a balance of the interactions between the 
binding ion and solvent, hydrophilic residues around xylan, 
and hydroxyl oxygens of xylan. Where CBM36 is bound to 
Mg2+, the dehydration penalty of Mg2+ is too large to com-
pensate for the energy of interaction with xylan.

4.  Conclusion

The mechanism of the binding of CBM36 to xylan and 
the role of Ca2+ are investigated theoretically by the com-
bined use of MD simulation and the 3D-RISM method. 
We found that CBM36 with bound Ca2+ has an affinity for 
xylan while CBM36 with bound Mg2+ has no such affinity. 
The free-energy component analysis of the xylan-binding 

process revealed that the major factor in the xylan-binding 
affinity is the electrostatic interaction with Ca2+ and the 
hydroxyl oxygens of xylan. The van der Waals interaction 
between the hydrophobic side chain of CBM36 and the 
glucopyranose ring of xylan also contributes to the stabili-
zation of the xylan-binding state. Dehydration of the com-
plex formation opposes these interactions. Therefore, the 
affinity of CBM36 for xylan is achieved by a balance of 
the interactions between the binding ion and the solvent, 
hydrophilic residues around xylan, and hydroxyl oxygens 
of xylan. Where CBM36 is bound to Ca2+, these factors are 
well balanced and the total free-energy change on binding 
xylan is negative. By contrast, because CBM36 with bound 
Mg2+ shows a larger dehydration penalty upon binding, it 
has no affinity for xylan.

We have elucidated the details of CBM36 binding with 
xylan at a molecular level. A deeper understanding of the 
mechanism can lead to useful knowledge, for example, about 
how to make a mutant that has different ion and carbohydrate 
affinities. The results of the present study should contribute to 
the design of highly efficient CBM36 and control of its selec-
tivity for various polysaccharides.

Figure 7.  Averaged structures of CBM36 around the xylan-binding site with (a) Ca2+ and (b) Mg2+. The superposition description of two 
structures is shown in (c).
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