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A B S T R A C T

Hydrolysis of arabinoxylan (AX) by glycoside hydrolase family 10 (GH10) xylanases produces xylo- and ara-
binoxylo-oligosaccharides ((A)XOS) which have shown prebiotic effects. The thermostable GH10 xylanase
RmXyn10A has shown great potential to produce (A)XOS. In this study, the structure of RmXyn10A was in-
vestigated, the catalytic module by homology modelling and site-directed mutagenesis and the arrangement of
its five domains by small-angle X-ray scattering (SAXS). Substrate specificity was explored in silico by manual
docking and molecular dynamic simulations. It has been shown in the literature that the glycone subsites of
GH10 xylanases are well conserved and our results suggest that RmXyn10A is no exception. The aglycone
subsites are less investigated, and the modelled structure of RmXyn10A suggests that loop β6α6 in the aglycone
part of the active site contains a non-conserved α-helix, which blocks the otherwise conserved space of subsite
+2. This structural feature has only been observed for one other GH10 xylanase. In RmXyn10A, docking re-
vealed two alternative binding regions, one on either side of the α-helix. However, only one was able to ac-
commodate arabinose-substitutions and the mutation study suggests that the same region is responsible for
binding XOS. Several non-conserved structural features are most likely to be responsible for providing affinity for
arabinose-substitutions in subsites +1 and +2. The SAXS rigid model of the modular arrangement of RmXyn10A
displays the catalytic module close to the cell-anchoring domain while the carbohydrate binding modules are
further away, likely explaining the observed lack of contribution of the CBMs to activity.

1. Introduction

Arabinoxylan (AX) is the second largest carbohydrate component
after cellulose in cereal bran, a by-product from the production of flour.
With an estimated annual world production of 2.0 million tonnes of
cereal grains [1], cereal bran makes up a large source of AX with the
potential to be utilised in value-adding applications. AX in cereal crops
such as wheat and rye is present in the cell walls and there tightly as-
sociated with cellulose and lignin. The bran of these cereals contains

around 50 to 250 mg AX per g dry matter, and the more easily-acces-
sible water extractable AX makes up 2 to 10, and in the case of rye up to
14, mg per g dry matter [2–4]. AX consists of a backbone of 1,4 linked
ß-D-xylopyranosyl units decorated with α-L-arabinofuranose units
linked by an α-1,3 and/or α-1,2 bond with a degree of substitution (DS)
between 0.4 and 0.8. Additional substitutions found in AX are ferulic
and p-coumaric acid linked by an ester linkage to the O5-position of the
arabinofuranose-unit as well as α-1,2 linked units of glucuronopyr-
anosyl and its 4-O-methyl ether [3,5]. The two latter substitutions are
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common in the vegetable part of the plant but not in the AX present in
the grain [6]. The hydrolysis products of AX from cereal grain are xy-
lose, xylooligosaccharides (XOS) and arabinoxylooligosaccharides
(AXOS), the latter two collectively termed AX-oligosaccharides ((A)
XOS). XOS are abbreviated Xn where n is the degree of polymerisation
(DP). For the nomenclature of the more complex AXOS, in 2009 Fauré
and colleagues proposed a system for oligosaccharides derived from
heteroxylans. The system is based on a one-letter code starting in the
non-reducing end and where substitutions of the backbone chain xylose
units are given unique letters associated with uppercase letters and
numbers describing non-glycoside substitutions and position of sub-
stituents [7]. For example, an unsubstituted, a 1,3-arabinofuranosyl-
substituted and a 1,2-(4-O-methyl-glucuronopyransyl)-substituted xy-
lose unit are abbreviated X, A3 and U4m2, respectively.

(A)XOS have been shown to have prebiotic effects [8]. Reported
health improvements resulting from ingestion of such prebiotics are
reduced gut infections, better adsorption of minerals, and suppression
of colon cancer [8]. Prebiotics are compounds that are neither degraded
by gastric acid or host enzymes, nor adsorbed in the gastrointestinal
tract, but fermented by intestinal bacteria that contribute to the health
and well-being of the host, known as probiotic intestinal bacteria [9].
Stimulation of probiotic bacteria by (A)XOS has mainly been ascribed
to strains of Bifidobacterium and a few strains of Lactobacillus, e.g. brevis
[10–12]. Utilisation of (A)XOS varies between strains, even within the
same genus, and depends on the length of the xylose chain and presence
of arabinose-substitutions. AXOS can only be utilised by a limited
number of species in the gut, mainly from Bifidobacterium but also a few
from Bacteroides and Lactobacillus.

The hydrolysis of cereal bran AX into prebiotic (A)XOS can be
achieved by endo-β-1,4-xylanases (often only called xylanases), which
hydrolyse the internal glycosidic linkages between xylose units in the
AX backbone. Endo-β-1,4-xylanases belong mainly to glycoside hy-
drolase (GH) family 10 and GH11, but can also be found in GH families
5, 8, 30, 43, 51 and 98 in the Carbohydrate Active Enzyme database
(CAZy, www.cazy.org) [13]. Enzymes from the same family share a
catalytic mechanism and overall fold. However, what compounds can
be hydrolysed by an enzyme and products that can be formed from a
given substrate, the substrate specificity, is not necessarily conserved
among enzymes within one family [14]. Production of prebiotic (A)XOS
has been performed by xylanases belonging to GH10, GH11 and GH30
[15]. In general, xylanases from GH11, which have a relative narrow
active site, are less tolerant to arabinose-substitutions than xylanases
from GH10 while most xylanases from GH30 have been shown to re-
quire a methyl glucuronic acid-substitution for hydrolysis to occur
[16–18]. GH10 is thus a good choice for hydrolysis of cereal bran AX.

For the production of prebiotic (A)XOS from AX, understanding of
how the active site residues of GH10 xylanases bind AX and (A)XOS is
crucial. Improvement of purity and yield of the production by rational
engineering is possible when the structure of the enzyme and its sub-
strate binding interactions are known. In the active site of glycoside
hydrolases, each sugar unit is bound into a subsite. According to the
nomenclature of the field [19], the two subsites on either side of the
cleavage point are named −1 and +1 respectively, and the number
increases by one integer for each subsite away from the cleavage point.
The subsites towards the reducing end of the substrate are the plus- or
aglycone subsites and the subsites towards the non-reducing are con-
sequently the minus- or glycone subsites. GH10 xylanases produce
small oligosaccharides which can be explained by the strong binding of
the well-conserved subsites −1, −2 and +1 [20]. More than two
glycone subsites exist in the family but are not conserved [21]. The
more distant aglycone subsites are not conserved, neither the inter-
acting amino acids, nor the substrate specificity. Up to four aglycone
subsites have been reported [22,23] and mainly hydrophobic interac-
tions are observed [24]. The ability to bind arabinose-substituted sub-
strates also varies within the family. Arabinose-substitutions in subsite
−2 are permitted while substitutions in the aglycone subsites are

reported but not conserved [20]. Considering the low conservation of
the aglycone subsites and substrate specificity in the family, the xyla-
nase for a given application must be carefully chosen based on struc-
tural and biochemical information.

To date, only three studies have presented crystallographic struc-
tures of GH10 xylanases in complex with AXOS [25–27]. The arabinose
substitution is located at subsite −2 in all structures. This position is
highly interesting since arabinose-substitutions at this position can have
a role in substrate recognition as discovered by Xie and co-workers.
They found four GH10 xylanases that had higher activity on A3XX than
X3 [28]. However, structures of complexes with arabinose-substitutions
in other positions are necessary for the prediction of hydrolysis pro-
ducts and as a base for tailor-made prebiotic (A)XOS.

A modular GH10 xylanase with valuable properties, RmXyn10A, has
been cloned from the thermophilic bacterium Rhodothermus marinus,
which was isolated from a hot spring in Iceland [29,30]. RmXyn10A
comprises one signal peptide, two tandem carbohydrate binding mod-
ules (CBMs) from family 4, one domain with unknown function, one
catalytic module and one putative cell anchoring domain [31]. Char-
acterisation of the catalytic module revealed thermostability, activity
remained for 24 h in 70 °C [32], which makes it suitable for industrial
applications. The non-catalytic modules have no impact on the specific
activity. However, the full-length enzyme has a higher stability than the
catalytic module alone, indicating thermostabilising interactions be-
tween the domains [33]. RmXyn10A has been used for production of
(A)XOS from various xylan-containing sources, e.g. rye bran, wheat
bran, birchwood and quinoa stalks [11,12,34,35]. The produced oli-
gosaccharides are mainly X2, X3 and A3X, but also unidentified AXOS
have been detected. Efforts have been made to determine the three-
dimensional structure of the catalytic module in order to study sub-
strate binding but several attempts have failed, showing that the
module is difficult to crystallise.

In this paper we use a different approach by applying computational
methods to provide deeper insight into substrate specificity and
binding. The structure of the catalytic module of RmXyn10A is de-
scribed through a homology model. Subsite affinities and substrate
preferences are explored by molecular dynamics and docking techni-
ques. Interesting structural features in the active site are further ex-
plored by site-directed mutagenesis. Valuable insights in the modularity
of the full-length enzyme are gathered by combining structural data
from small-angle X-ray scattering (SAXS) of the full-length enzyme with
NMR data of the structure of CBM4-2 [36] and the homology models of
the catalytic module and CBM4-1. The results are evaluated and com-
pared to existing biochemical data of RmXyn10A as well as to the entire
GH10.

2. Material and methods

2.1. Homology modelling

Homology modelling of the catalytic module of RmXyn10A
(RmXyn10A_CM), residues 549–870 according to the full-length num-
bering, was carried out using the YASARA program [37,38]. Parameters
used for the homology modelling are presented in Table S1.

Three crystal structures of XynB from Xanthomonas axonopodis pv.
citri (Xac), PDB ID: 4PMZ-B (no ligand), 4PN2-A (X2) and 4PMX-A (X3),
were identified as templates after running the PSI-BLAST algorithm
[39] to extract a position specific scoring matrix, PSSM, from UniRef90
[40] and then searching for a match in the Protein Data Bank (PDB)
[41]. The matches were ranked based on a total score defined as the
product of the BLAST alignment score, the WHAT_CHECK [42] quality
score obtained from the PDBFinder2 database [43] and the target
coverage, see Table 1. The BLAST E-values are identical as the se-
quences are the same.

The following procedure was applied to generate alignments be-
tween the target and the identified templates. A secondary structure
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prediction of the target sequence was generated by the PSI-Pred sec-
ondary structure prediction algorithm [44,45] and a target sequence
profile was generated from multiple sequence alignments based on re-
lated UniRef90 sequences. Sequence profiles of the templates were
generated by a combination of sequence alignments from UniRef90
sequences and several structural alignments [46–48] of 21 structurally
similar proteins from PDB. Alignments of the target sequence and the
templates were generated by aligning the target and the template se-
quence profiles based on SSALN scoring matrices [49] including
structural information of the template and the predicted target sec-
ondary structure.

For each alignment, five models were created as follows. First, the
backbone was built based on a stochastic alignment [50], gaps and
insertions were modelled based on anchor points and loop conforma-
tions from PDB [51]. A side-chain rotamer network was constructed
[52] and ligands present in the templates were parameterised and
considered in the procedure. Next, to optimise the loops, 50 iterations
of applying different loop conformations and subsequent side-chain
optimisation in implicit solvent [53] were made. Side-chains were fine-
tuned by steepest descent energy minimisation (EM) in dihedral angle
space with implicit water and YASARA2 force field [38] and the hy-
drogen bonding network of the model was optimised [54]. Last, EM
with explicit solvent molecules was run in two steps, first a combined
steepest descent and simulated annealing minimisation on the modelled
loops and second, a full unrestrained simulated annealing minimisation
on the entire model.

The 15 models were ranked based on an overall Z-score, see Table
S2, which defines how many standard deviations the model quality is
from an average high-resolution X-ray structure, where a negative value
indicates a lower quality. The overall Z-score is a weighted average of
individual Z-scores of backbone- and side-chain dihedrals and packing
interactions: Overall Z−score=0.145 ∙Dihedrals+0.390 ∙Packing1D
+0.465 ∙Packing3D.

A hybrid model containing three xylose-like ligands and a calcium
ion (Ca2+) was generated by combining the best parts of the 15 models,
see Table S3, and evaluated by Z-scores.

2.2. Refinement and validation

Two structures were created from the hybrid model, one where the
ligands present were removed and one where both the ligands and Ca2+

were removed. Refinement was performed by the software YASARA. A
500 ps simulation [55] of molecular dynamics (MD) was run at a
temperature of 70 °C, a water density of 0.978 g/mL, a pH of 7.5 and a
sodium chloride concentration of 0.9% (w/v). The YASARA2 force
field, periodic boundary with a cell extension of 7.5 Å on each side of
the protein, long-range coulomb forces calculated by the particle-mesh
Ewald (PME) method [56], temperature control by a Berendsen ther-
mostat based on time-averaged temperature and intramolecular and
intermolecular time steps of 2 and 1 fs respectively, were used. Before
each simulation, neutralisation, EM and setting of temperature were
carried out. Neutralisation was done by calculating pKa [57] and pro-
tonation states, adding TIP3P water molecules, running steepest des-
cent and simulated annealing of the solvent and adding sodium and
chloride ions to the final concentration. EM was done by the steepest
descent method followed by simulated annealing. The temperature was

reached by setting initial atom velocities according to a Boltzmann
distribution. During the simulation, 20 trajectories were saved, energy
minimised and analysed by checking the energy of the system as well as
dihedral angles, packaging1D and packaging3D. The best trajectory was
further evaluated as described below. Both structures were refined until
no overall improvement was seen during evaluation of the refined
structures.

Evaluation of the refined structures was done by average 3D-1D
scores generated by Verify 3D [58,59], overall Cα root mean square
deviation (RMSD) between the models and the native structure of the
template protein (PDB ID: 4PMX) [60] generated by Chimera [61],
Ramachandran plots generated by PROCHECK [62], Z-scores generated
by ProSA-web [63,64], WHAT_CHECK [42] analysis, overall quality
factors generated by ERRAT [65] and Z-scores and non-local high-en-
ergy profiles generated by ANOLEA [66–68].

The refined hybrid model without Ca2+ was determined to be the
final model. A second variant of the final model was created by adding a
His-tag, consisting of six Histidine residues at the C-terminus, and a
Methionine at the N-terminus. The residues were added one by one in
YASARA and EM was applied to the entire protein after the addition of
each residue.

2.3. Molecular dynamics

The final model, with and without added residues, was subjected to
MD simulation in GROMACS 2016 [69,70] at 70 °C, pH 7.5 and 1 bar
for 500 ns. The AMBER03 force field [71], 2.5 fs time steps, periodic
boundaries, 8 Å cutoff of short-range electrostatic and van der Waals
forces and long-range forces calculated by PME was applied. Before
each simulation, solvation, EM and equilibration were carried out. A
cubic cell with a minimum of 10 Å extension from the protein filled
with TIP3P water molecules and with a sodium chloride concentration
of 0.9% (w/v) was created around the protein. EM was achieved by a
steepest descendent algorithm including a step size of 0.1 Å, a tolerance
of 1000 kJ/mol and with maximum 50,000 steps. Equilibration was
done in two steps. First, the temperature was stabilised under a 100 ps
long NVT ensamble with time steps of 2 fs and with temperature cou-
pling by a modified Berendsen thermostat using velocity rescaling with
a stochastic term [72]. Second, the pressure was stabilised under a
100 ps long NPT ensamble with times steps of 2 fs and with a pressure
coupling by the Parrinello-Rahman method [73]. Potential energy
during EM, temperature during NVT equilibration as well as pressure
during NPT equilibration were monitored for the two models and can
be seen in Fig. S1. During the MD simulations, trajectories were saved
every 1.25 ns. RMSD Cα for the entire protein and root mean square
fluctuation (RMSF) for each residue were calculated for each simula-
tion.

2.4. Docking arabinoxylan-oligosaccharides

A general working scheme for the docking procedure is illustrated in
Fig. 1. The template protein in complex with X3 docked in subsites −3
to −1 (PDB ID: 4PN2) was superimposed onto the final model. Manual
docking, using Chimera, was applied to the final model with the ligand
by changing rotamers of the interacting amino acid residues manually
with guidance from the template and other glycoside hydrolase family
10 (GH10) xylanases. Finally, only the ligand and the final model were
kept and subjected to EM followed by a 10 ns MD in YASARA at 70 °C,
pH 7.5, with a water density of 0.978 g/mL and in a sodium chloride
concentration of 0.9% (w/v). The AMBER03 force field, periodic
boundaries with a cubic cell with a minimum of 10 Å extension from
the protein, long-range coulomb forces calculated by PME, temperature
control by a Berendsen thermostat based on time-averaged temperature
and intramolecular and intermolecular time steps of 2 and 2.5 fs, re-
spectively, were used. Neutralisation, EM and setting of temperature
were done before each simulation as described for the refinement. The

Table 1
Templates for homology modelling of the catalytic module of RmXyn10A scored based on
BLAST alignment score, the WHAT_CHECK quality score and target coverage.

PDB ID Resolution (Å) BLAST E-
value

Align
score

Coverage (%) Total
score

4PMZ-B 1.40 6e−91 857 93 424
4PN2-A 1.42 6e−91 855 93 406
4PMX-A 1.30 6e−91 856 93 392
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catalytic residues (Glu667 and Glu780) were kept fixed during EM and
MD. During the simulation, trajectories were saved every 25 ps. The
total energy of the system, RMSD Cα for the entire protein and binding
energy between the protein and the ligand were calculated for each
simulation. Equilibrium was assumed when the fluctuation of RMSD Cα

for the entire protein was lower than 1 Å for the remaining simulation.
The averaged structure of the last ns was energy minimised and further
analysed, given that the equilibrium was reached after 5 ns, and used as
the final complex.

Binding energies of the final complex were calculated after local
docking by use of two methods: VINA [74] using default parameters
and AutoDock [75] using the default parameters, and point charges
initially assigned according to the AMBER03 force field, and damped to
mimic the less polar Gasteiger charges used to optimise the AutoDock
scoring function. Both docking methods were performed from the YA-
SARA interface [76] and with the ligand kept rigid. During local
docking with AutoDock, 100 cycles were run, and the binding energy
for the best hit was saved. For analysis of subsite interactions, 2-D il-
lustrations of ligand-protein interactions were prepared by Ligplot+
[77]. For visualisation and production of pictures of the 3-D structure,
Chimera was used.

Xylose units were added to the reducing end of the ligand in the
resulting complex with guidance from structures containing complexes
of GH10 xylanases with ligands docked in the aglycone region and the
same procedure as described above was applied. During dockings in the
aglycone region, residues in the glycone were kept fixed to minimise
unrealistic simulation results. Arabinofuranosyl-substitutions were later
added manually to the existing ligands in their desired position using
torsion angles of the glycosidic linkage as reported by Yui with co-
workers for arabinoxylan isolated from rice [78]. If steric hindrance
occurred, the torsion angles were changed to the closest position
without any clashes with the protein before EM was applied.

2.5. Site-directed mutagenesis of RmXyn10A_CM

The following seven mutants of RmXyn10A_CM were designed in
order to investigate features in the aglycone part of the active site:
G720N, S724G, D782G, D784G, F754N, F754Del and R833G. The
mutations were generated through synthetizing whole plasmids by PCR
and using mutagenic primers, see Table 2. The template was the
plasmid pET21b::RmXyn10A harboring the wild type (wt) gene. High-
fidelity DNA polymerase iProof™ kit (Bio-Rad, California, USA) was
used for the 29 cycles of amplification. Thereafter, the PCR reaction
mixes were treated with DpnI endonuclease, at 37 °C per 2 h, in order to
destroy the wt template.

Chemically competent Escherichia coli NovaBlue strain (Novagen
brand, Merck KGaA, Darmstadt, Germany) was transformed directly
with the PCR products (without any purification) for the proliferation
of the mutant plasmids. The cells were grown in Luria Bertani (LB)
medium supplemented with 100 μg/mL ampicillin, at 37 °C for 12 h.
Then, the plasmids were extracted using QIAprep Spin Miniprep Kit
(QIAGEN, Germany) and sequenced in order to verify the mutations.

2.6. Production and purification of recombinant proteins: wt and mutant
proteins

Wild type and mutant proteins were produced in E. coli BL21 (DE3)
strain (Novagen brand, Merck KGaA, Darmstadt, Germany). The cor-
responding plasmids were introduced into the competent cells by
thermal shock. The cells harboring plasmids were cultivated in
1000 mL LB supplemented with 100 μg/mL ampicillin at 37 °C. The
expression of the recombinant proteins was induced with 1 mM of
isopropyl β-D-1-thiogalactopyranoside (IPTG) when the optical density
(λ = 600 nm) reached 0.5–1, and the production phase was 15 h.
Thereafter, the cell pellets were harvested by centrifugation and re-
suspended in binding buffer (50 mM TRIS, 0.5 M NaCl, pH 7.4). The
resuspended cells were lysed by ultrasonication and the cell extracts
were centrifuged at 25931 ×g, 20 min. The supernatants were used for
the protein purification by immobilized metal ion affinity chromato-
graphy (IMAC) using an ÄKTA Prime system with a HisTrap™ FF crude
column (GE Healthcare) as described elsewhere [79]. Purity of the
proteins was determined by SDS-PAGE and their respective con-
centration was estimated by NanoDrop® (Spectrophotometer 1000,
Saveen Werner, Sweden) at 280 nm, using the approximation: 1
A280nm = 1 mg/mL.

2.7. Enzyme activity measurements

The activity of the produced wt and mutant proteins of
RmXyn10A_CM was determined by the dinitrosalicyclic acid (DNS)
stopping method [80]. 20 μL of a defined enzyme concentration, pre-
pared by dilution in 20 mM sodium phosphate buffer (SPB), pH 7.4, was
added to 40 μL of 1% birchwood xylan (Sigma, St Louis, MO, USA) in
20 mM SPB, pH 7.4. The reaction mixture was incubated in 70 °C for
10 min before the reaction was stopped by adding 90 μL of DNS reagent
to the reaction mixture and incubated at 98 °C for 10 min. Measure-
ments of absorbance was done at 540 nm. The concentration of redu-
cing ends was calculated from a standard curve using xylose of defined
concentration, dissolved in the same substrate.

Manual docking – alteration of amino acid rotamers and of position and glycosidic linkages in (A)XOS

10 ns MD

Analysis of MD by RMSD of Cα atoms, energy and binding energy. Visal analysis of the energy 

minimised averaged complex during the last ns of MD complex
av

EM of generated complex

Superposition of final model of RmXyn10A_CA with crystal structure of the template in complex with 

X
3

in subsite -3 and -1 followed by deletion of protein part of crystal structure

Evaluation of complex
av

by calulation of binding energy by  AutoDock and VINA and illustration of 

subsite interactions by LigPlot+

Successful docking. Complex
av

used as a base for 

docking a longer or substituted (A)XOS. Side-chains 

interacting with the ligand in the successful docking 

were kept fixed unless they were in contact with the 

added residue or observed as flexible.

No successful docking, e.g. due to dissociation of 

ligand and protein, abnormal conformation or 

glycosidic linkage in sugar units, large fluctuations in 

RMSD Cα or increasing binding energy during 

simulation

Fig. 1. Working procedure for docking (A)XOS into active site of the model of RmXyn10A_CM.
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2.8. Hydrolysis of arabinoxylan extracted from rye bran

The product profiles of the produced wt and mutants of
RmXyn10A_CM from hydrolysis of arabinoxylan (AX) extracted from
rye bran were investigated. AX from an upscaled extraction with rye
bran as starting material [34] was used as substrate with a concentra-
tion of 1% in 20 mM SPB, pH 7.4. 60 nmol of respective protein/g AX
(62% (w/w) in the substrate) were added to the substrate and the re-
action mixtures were incubated at 70 °C. Samples were taken after 1
and 20 h, the reaction was stopped by diluting the samples in NaOH to
pH 10.

The oligosaccharides produced during the reactions was analysed by
High Performance Anionic Exchange Chromatography coupled with
Pulsed Amperometric Detection (HPAEC-PAD) as described elsewhere
[34]. Xylose and the oligosaccharides X2, X3, X4, X5, X6, A2XX, A3X and
XA3XX purchased from Megazyme (Wicklow, Ireland) were used as
standards for quantification. A mixture of XA2XX and XA3XX (Mega-
zyme) was used as the standard to identify XA2XX.

2.9. Small angle X-ray scattering (SAXS)

The structure of the full-length version of RmXyn10, containing two
tandem carbohydrate binding modules from family 4 (CBM4-1 and
CBM4-2), a third domain with unknown function (D3), the catalytic
module (CM) and a fifth domain with putative cell anchoring function
(D5), was analysed in solution by SAXS. RmXyn10A was produced as
described elsewhere [33].

The synchrotron radiation X-ray scattering data were collected on
the X33 camera [81,82] at the European Molecular Biology Laboratory
(EMBL) on the storage ring DORIS III of the Deutsches Elektronen
Synchrotron (DESY) using multi-wire proportional chambers with delay
line readout [83]. The scattering patterns were recorded at a sample-
detector distance of 2.3 m covering the range of momentum transfer
0.15 < s < 3.5 nm−1, defined as =s 4π sin θ

λ , where 2θ is the scat-
tering angle and λ (=0.15 nm) is the X-ray wavelength. The solutions
were measured at protein concentrations of 2.5, 6.8 and 13.7 mg/mL.

To check for radiation damage during the scattering experiments,
the data were collected in 20 successive one-minute frames. The in-
dividual frames were averaged after normalisation to the intensity of
the incident beam, corrected for the detector response and the scat-
tering of the buffer was subtracted using the program PRIMUS [84].
The difference curves were scaled for the solute concentrations and
extrapolated to infinite dilution following standard procedures [85].

The maximum dimensions of the particles (Dmax) were estimated
using the indirect Fourier transform package GNOM [86,87], which
also provides the distance distribution function (p(r)) of the particle.
The forward scattering (I(0)) and the radii of gyration (Rg) were eval-
uated using the Guinier approximation [88] assuming that at very small
angles, s < 1.3/Rg, the intensity can be represented as

= ⎛
⎝

− ⎞
⎠

I(s) I(0) exp (sR )
3
g 2

. These parameters were also computed from the

entire scattering pattern using GNOM. The molecular mass (MM) of the
solute was evaluated by comparison of the forward scattering with that

from a reference solution of bovine serum albumin with MM = 66 kDa.
Low-resolution models of the protein were generated ab initio by the

program GASBOR [89]. The program represents the protein by an as-
sembly of dummy residues (DRs) and uses simulated annealing to build
inside a sphere with the diameter Dmax a locally “chain-compatible” DR-
model that fits the experimental data Iexp(s) to minimise the dis-

crepancy: = ∑ ⎡
⎣

⎤
⎦−

−χ2 1
N 1 j

I (s ) cI (s )
σ(s )

2
exp j calc j

j
, where N is the number of

experimental points, c is a scaling factor and Icalc(s) and σ(sj) are the
calculated intensity and the experimental error at the momentum
transfer sj, respectively.

Results from at least ten separate GASBOR runs were averaged to
determine common structural features using the programs DAMAVER
[90] and SUPCOMB [91]. The latter program aligns two arbitrary low
or high resolution models represented by ensembles of points by
minimising a dissimilarity measure called normalised spatial dis-
crepancy (NSD). For every point (bead or atom) in the first model, the
minimum value among the distances between this point and all points
in the second model are found, and the same is done for the points in
the second model. These distances are added and normalised against
the average distances between the neighbouring points for the two
models. Generally, NSD values close to unity indicate that the two
models are similar. The program DAMAVER generates the average
model of the set of superimposed structures and also specifies the most
typical model i.e. that having the lowest average NSD with all the other
models of the set.

Rigid body modelling of the tertiary structure of full-length
RmXyn10A in solution was performed based on the available high-re-
solution atomic coordinates of the two carbohydrate binding modules
CBM4-1 (homology model with CMB4-2 as template (PDB ID: 1K45))
and CBM4-2 (PDB ID: 1K45), and CM (homology model presented in
this study). The fragments with the unknown structures, D3, D5 and
linkers, were represented as interconnected chains composed of DRs
[92]. The positions of CBM4-1 and CBM4-2 were fixed based on pre-
vious modelling.

A simulated annealing protocol was employed to find the optimal
positions and orientations of available high-resolution models of do-
mains and the probable conformations of the DR chains attached to the
appropriate residues. The theoretical scattering pattern I(s) was calcu-
lated from the available high-resolution coordinates of the domains
with known structure and from the portion with unknown structure
represented as DRs using spherical harmonics:

= ∑ ∑ ∑ + ∑=
∞

=−I s π A s B s( ) 2 ( ) ( )l m l
l

n lm
n

k lm
k2

0
2. The complex functions

An
lm(s) are the partial scattering amplitudes of the domains in the given

positions and orientations which depend on the scattering amplitudes
in the reference positions calculated using the program CRYSOL [93]
and on three rotational and three translational parameters. Bk

lm(s) are
the partial amplitudes of DRs comprising the unknown parts, calculated
using the form factor of a DR [89,92]. The algorithm is a particular case
of the program BUNCH, which allows determination of three-dimen-
sional domain structure of proteins based on multiple scattering data
sets from deletion mutants when the structure(s) of individual domains
are available [94].

Table 2
Primers used for constructing site-directed mutagenesis, from 5′ to 3′ end. The horizontal and vertical lines indicate the mutation.

Mutant Forward primer Reverse primer

G720N caatgactacaacatcctcagcagtctgg ctgctgaggatgttgtagtcattgatcatc
S724G catcctcagcggcctggaaacggcccagc ccgtttccaggccgctgaggatgccgtag
D782G gttaccgagatgggcatcgacggcaatcccaatc gattgccgtcgatgcccatctcggtaacctgaatc
D784G gatggatatcggcggcaatcccaatcagagc gattgggattgccgccgatatccatctcggtaac
F754N gggcatgctaactcgacgcgttccggggc gaacgcgtcgagttagcatgcccctgcacc
F754Dela caggggcatgct│tcgacgcgttccggggcg ggaacgcgtcga│agcatgcccctgcacccc
R833G cggcctgtggggcaatgattacgaagcctac cgtaatcattgccccacaggccgggccgc

a Deleted residue.

A. Aronsson et al. BBA - Proteins and Proteomics 1866 (2018) 292–306

296



3. Results and discussion

3.1. The catalytic module of RmXyn10A is folded as a typical TIM-barrel
with several non-conserved loop-regions

A homology model of the catalytic module of xylanase RmXyn10A
from Rhodothermus marinus (RmXyn10A_CM) was successfully gener-
ated from a template with 51% identity. The model contains a (β/α)8
TIM-barrel fold, the overall fold conserved among glycoside hydrolase
(GH) family 10. By comparing the model to GH10 xylanases of known
structure, major differences in four loops were observed, see Fig. 2. Two
of these loops formations, β4α4 and β6α6 illustrated in Fig. 2-B, C, show
similarity only to the template protein in the homology modelling,
XynB from Xanthomonas axonopodis pv. citri (Xac) (PDB ID: 4PN2) [95].
These loops are both located in the presumed aglycone region of the
active site. Only one residue in the α-helix of loop β6α6 differs between
RmXyn10A and XynB from X. axonopodis whereas the other GH10 xy-
lanases show less similarity to RmXyn10A in this region. The residues in
loop β4α4 show low similarity, both to XynB and other GH10 xylanases.
Thus, it is likely that the prediction of loop β6α6 is more correct than
the prediction of β4α4. The other two loops contain large insertions
compared to XynB, Thr656-Phe660 in loop α3β4 on the bottom of the
barrel and Pro787-Gln797 in loop β7α7 on the opposite side. As can be
seen in Fig. 2-A, D, these loop conformations show no similarity to any
other GH10 xylanase structure. Loop α3β4 seems to be well conserved
among GH10 proteins (apart from RmXyn10A), whereas loop β7α7

varies considerably in both length and conformation.
The four non-conserved loops were all shown to be flexible regions

of the protein. Stability of the model was investigated by molecular
dynamics (MD) in conditions where the protein has been shown to
function well [32]. Root mean square deviation (RMSD) of Cα atoms
during the simulation are presented in Fig. 3 in blue, showing a stabi-
lisation in RMSD at around 3.6 Å after 50 ns with fluctuations within
1.3 Å. Root mean square fluctuation (RMSF) for each residue are also
presented in blue in Fig. 3 clearly showing that the largest fluctuations
are within the loop regions of the protein rather than in the secondary
structures. The largest fluctuations can be seen in the C- and N-termini
and the four non-conserved loops α3β4, β4α4, β6α6 and β7α7 (Fig. 2) are
among the regions with the highest fluctuation possibly indicating a
weakness in the prediction of these regions. The non-conserved α-helix
on loop β6α6 remained throughout the simulation and was even

elongated towards α-helix 6.
During previous biochemical characterisation and when used for

production of prebiotic arabinoxylan-oligosaccharides ((A)XOS), a His-
tag at the C-terminus and a Methionine at the N-terminus have been
appended to RmXyn10A_CM to simplify expression and purification by
metal-ion-affinity chromatography. Previous studies have shown that
the enzyme is active and the His-tag is expected to have no significant
impact. According to the model, the His-tag is situated on the bottom of
the barrel and, thus, does not interfere with the active site situated on
top of the barrel. This conclusion was supported by running MD of the
model with a His-tag and Met549 added. However, some instability is

Fig. 2. Top: Model of RmXyn10A_CM in two perpendicular orientations, highlighting non-conserved loops in blue. Below: superposition of A: loop α3β4, B: loop β4α4, C: loop β6α6 and D:
loop β7α7 with template protein, 4PMX, (black) and 27 crystal structures of GH10 proteins named in Table S4. Loop A, C and D are in the same orientation as the model to the left and
loop B as the model to the right.
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introduced to the protein as seen in Fig. 3 where the green line shows
the His-tagged protein. Longer time until equilibration, larger fluctua-
tions in RMSD of Cα atoms (around 1.8 Å) and higher fluctuation in
some loop regions, especially loops β2α2 and β7α7, are observed for the
His-tagged protein compared to the native. The overall higher RMSD
can to some extent be explained by the added His-tag, forming a flexible
tail in the C-terminus.

3.2. Refinement of the homology model exposes an incorrect calcium ion

A calcium ion (Ca2+) interacting with residues Glu589, Asp593,
Glu640 and Glu643 was added during the homology modelling, but
several validation methods and biochemical data suggest that no metal
ion-binding site is present in the structure. Refinement of the hybrid
model and a second structure without Ca2+ were performed. Table 3
summarises the results of the validation of the main template of the
homology modelling (MT), the hybrid model (HM), the hybrid model
without ligands after refinement (rHM) and the hybrid model without
ligands and Ca2+ after refinement (rHMnoCa). Detailed results from
Verify-3D, ProSa-web, and ANOLEA are presented in Figs. S2, S3 and
S4, respectively. All validation methods suggested that a higher quality
model was achieved by removing Ca2+ following refinement compared
to refining the homology model including Ca2+.

Several quality assessments highlight the Ca2+ binding site as a
problematic region. A large difference in the presence of abnormally
short interatomic distances was detected by WHAT_CHECK. HM and
rHM had nine and eleven respectively, whereas only two were found in
rHMnoCa and none in MT. The majority of the abnormally short dis-
tances in the models with Ca2+ were between oxygen and carbon atoms
of the carboxyl groups of the residues binding Ca2+. In rHMnoCa, the
side-chains previously involved in Ca2+ binding had moved, separated
in space and thus lessened the error of abnormally short distances.
Furthermore, the short distances in the Ca2+ binding site of the model
fails these models by ERRAT, as seen in Fig. 4. Additionally, non-local
energy profiles of HM and the refined models generated by ANOLEA
reveal high-value zones in the Ca2+ binding site of rHM.

Biochemical data provides more evidence against the existence of
Ca2+ in RmXyn10A_CM as seen in HM. Previous studies by Abou-
Hachem and co-workers on several constructs of RmXyn10A where
modular stability were investigated by differential scanning calorimetry
did not find any influence of Ca2+ on the catalytic module [33]. Evi-
dence for the presence of Ca2+ in RmXyn10A is however available for
its two carbohydrate binding modules (CBMs), which have been shown
to bind Ca2+ and thus improve the stability of the full length enzyme
[96]. A likely explanation for the presence of Ca2+ in HM is that Ca2+ is
present in the template protein XynB in the same position as HM.
However, in contrast to the studies on RmXyn10A, a comparison of
XynB including Ca2+ and where the Ca2+ were removed by treatment
with EDTA revealed that Ca2+ plays a major role in both the stability of

the protein and in catalytic activity [95]. Ca2+ is not common in the
catalytic modules of enzymes from GH10. Out of the 34 GH10 proteins
of known structure present in the Carbohydrate Active Enzymes (CAZy)
database, only four have Ca2+ present in the catalytic module, the
template protein of the homology model being one of them. The Ca2+

binding sites are all on the outside of the TIM-barrel structure but their
positions are widely spread and thus not conserved.

The structure rHMnoCA was used as the final model and all simu-
lation and discussion is based on this structure – this choice was based
on three observations. First, the quality of the refined model excluding
Ca2+ was more highly rated by all validation methods completed
compared to the refined model including Ca2+. Secondly, the hybrid
model including Ca2+ failed several quality assessments, which was
directly caused by the binding of Ca2+. Thirdly and most importantly,
the biochemical studies do not support the presence of Ca2+.

3.3. The glycone subsites are conserved and allows O3-bound arabinose in
subsite −2

The active site is situated on top of the wider part of the barrel.
Residues Glu667 and Glu780 were identified as the catalytic acid/base
and nucleophile of a retaining glycoside hydrolase, as these residues are
situated at the end of β-strand 4 and 7, respectively, with a distance of
6 Å between the carboxyl groups. The glycone part of the active site of
GH10 xylanases is highly conserved with well-defined subsites −1 and
−2 [20]. The residues building up the glycone subsites were identified
by comparing the crystal structures of GH10 xylanases presented in
Table S5, which contain various xylooligosaccharides (XOS) bound in
active site. The conserved residues were confirmed to be involved in
ligand interaction by manual docking and MD of X3 in the presumed
−3 to −1 subsites. Fig. 5 clearly shows defined subsites −2 and −1,
whereas no interactions for the −3 subsite were observed. However,
the more distal residues Lys584, Asn581 and Gln624 were occasionally
observed in a rotamer not interacting with the xylan chain. It is difficult
to know whether this is due to flexibility in these residues or a less
realistic simulation result. Interesting to note is that the aromatic group
of Trp832, on top of the glycone subsites in Fig. 5, is turned 180°
compared to all other structure-determined GH10 with the exception of
the template XynB from X. axonopodis. As a consequence, the amide
group, which is capable of forming a hydrogen bond, is exposed to the
surrounding solvent rather than the interior of the protein structure. If
this observation is due to an inaccuracy in the determined structures of
the template or is a correct prediction is impossible to say without a
crystal structure. However, simulations were run with both rotamer
alternatives and showed no significant impact on the binding of XOS or
arabinoxylooligosaccharides (AXOS).

As no interaction was observed for more distal glycone subsites than
−2, investigation of possibilities of arabinose-substitutions was limited
to subsite −2. Steric hindrance prevents any arabinose bound to the

Table 3
Validation of the hybrid model and two refined structures of the hybrid model.

Structure Verify 3D Chimera PROCHECK ProSA ERRAT ANOLEA

Average 3D-1D score≥ 0.2a (%) Overall RMSD Cα to 4PMXb (Å) Ramachandran plotc Z-score Overall quality factord (%) Z-score

MT 95.75 88.4;11.6;0.0;0.0 −8.86 98.649 −0.31
HM 88.82 0.908 88.6;10.7;0.4;0.4 −9.44 94.904 0.26
rHM 90.37 1.044 87.5;12.1;0.4;0.0 −9.83 93.949 0.11
rHMnoCa 94.41 1.023 88.6;11.1;0.4;0.0 −9.59 97.452 −0.11

a 80% of the residues in a structure is required at an averaged 3D-1D score of 0.2 to be considered a good model.
b Calculated from 296 residues aligned after superimposing the structures with a match alignment cut off of 5.0 Å. A rule of thumb from the Critical Assessment of protein Structure

Prediction (CASP) meetings is that an overall RMSD of Cα should be< 1 Å if the sequence identity between target and template is over 60% [60]. In this case, the sequence identity is
51% and a slightly higher overall Cα RMSD can be expected.

c Numbers corresponds to percentage of residues in: Most favourable regions; additionally allowed regions; generously allowed regions; disallowed regions.
d For high-resolution X-ray structures an overall quality factor of 95% is considered a good protein structure.
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O2-position of subsite −2 as well as any substitutions in subsite −1.
Hydrogen bonds from atom HO2 of the arabinose bound in O3-position
in subsite −2 to each of the carboxyl oxygen of Glu580 were observed.
These hydrogen bonds have been observed in all GH10 structures in
complex with arabinose in this position (PDB ID: 2CNC, 2FGL, 1UR1,
1VGU and 2BNJ). The possibility of a hydrogen bond to the backbone of
Leu831 on loop α8β8 above active site was observed in some dockings.
The same bond was also observed in Xyn10A from Streptomyces oliva-
ceoviridis (PDB ID: 1VGU). Other hydrogen bonding residues observed
in the above mentioned complexes are not present in RmXyn10A.

3.4. The aglycone subsites are non-conserved with two possible clefts

Interactions in the aglycone region of RmXyn10A were more diffi-
cult to predict as several alternative positions were observed rather
than a single fit between protein and ligand. The aglycone subsites are
generally not conserved among xylanases in the family with the ex-
ception of an aromatic residue stacking against the sugar in +1 [25]
and an Asparagine making hydrogen bonds to the sugar in subsite +3.
The aromatic residue is conserved in RmXyn10A as Tyr719, but the
Asparagine is not, instead Gly720 is present in the position with no
hydrogen bonding possibilities. Interestingly, in the model, a short α-
helix containing Phe754, situated on loop β6α6, see Fig. 2-C, is blocking

subsite +2 of the active site groove normally found in GH10 xylanases.
This structural feature has only been observed in the template protein,
XynB from X. axonopodis. Consequently, the reducing end of the sub-
strate binding into the active site needs to take another route than has
been found in GH10 xylanases so far. The starting point of the docking
in aglycone cleft was based on the structures of complexes of GH10 and
XOS in the aglycone region. Finding a stable complex by MD was
challenging and several attempts where the ligand position and side
chains were initially altered were necessary to dock the ligand in pos-
sible aglycone subsites. Two main conformations of the xylan chain
with corresponding aglycone clefts, exemplified in Fig. 6, were identi-
fied and further evaluated.

In both the alternatives, the xylose unit in subsite +1 is similarly
positioned with no hydrogen bond interactions. Substitution with ara-
binose in O2, O3 and O2/O3 position in this subsite were successfully
docked and several hydrogen bond interactions were observed. The
non-conserved loop β4α4 is highly involved in interacting with sub-
stituents in subsite −1, especially Glu671 but also the more distal part
of the loop was observed to move during simulation to facilitate in-
teractions with arabinose bound in O2-position, see Fig. 7.

The first alternative for the aglycone subsites is illustrated in Fig. 6-
A, and is the closest to other GH10 complexes, but the cleft is slightly
pushed down because of the α-helix in loop β6α6. The atypical
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Fig. 5. X3 docked into subsites−3 to−1 of RmXyn10_CM. To the left, 2-D plot illustrating hydrogen bonds (green dotted lines) and hydrophobic interactions (red stripes). To the right, 3-
D representation. The catalytic residues are drawn in yellow.
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conformation of loop β4α4 combined with Gly720 instead of an As-
paragine opens up the surface of the structure below subsite +3 as
compared to other structures of GH10, and the distal part of the agly-
cone site is also lowered in comparison, with interactions between the
xylose units and residues on loop β5α5 rather than on β6α6 or β7α7. The
position of Arg833 is conserved in several other GH10 xylanases
forming hydrogen bonds to the cyclic oxygen between subsite +1 and
+2 as well as to hydroxyl group of the xylose unit in subsite +2 (e.g. in
SoXyn10A from Streptomyces olivaceoviridis, the GH10 xylanase with
highest sequence identity to RmXyn10A having a complex with XOS in
the aglycone region), but because of the somewhat lower position of the
xylose chain in the aglycone part of RmXyn10A, the same hydrogen
bonds were only obtained in a minority of the simulations. The aro-
matic Phe754 was highly flexible during the simulation and no single
rotamer was favoured. Docking of AXOS with arabinose in the O3-po-
sition in subsite +2 requires that Arg833 is bent towards the backbone
rather than reaching out to hydrogen bond with the xylose units. The
arabinose bound in the O3-position in subsite +2 had many possible
hydrogen bond- and hydrophobic interactions, so although a single fit
was not possible to dock, it is evident that the affinity for these sub-
stitutions is high. Double-substitution in subsite +2 is possible al-
though no strong interactions for the O2-bound arabinose were ob-
served during the simulations. The hydroxyl groups of the xylose in
subsite +3 are directed towards the protein surface and, thus, major

steric hindrance prevents any arabinose-substitution in subsite +3.
Fig. 7 presents the residues involved in interacting with possible ara-
binose substitutions in subsite −2 to +3 for the first alternative of the
aglycone binding region.

In the second alternative aglycone-binding cleft, exemplified in
Fig. 6-B, the xylan chain is more bent than in other GH10 complexes
and runs along with β-strand 6 towards loop β7α7. This conformation
has not been observed in any other GH10 xylanase so far. Arabinose-
substitutions in subsite +2 were not possible to dock in this second
alternative. Hydroxyl-groups 2 and 3 of the xylose are directed towards
the solvent and subsequently there is no affinity for the arabinoses
unless these are positioned with abnormally bent glycosidic linkages.
Also in subsite +3, arabinose substitutions are not possible due to steric
hindrance. The simulations in the second cleft revealed a higher degree
of uncertainty regarding the subsites and their interactions as the var-
iation of the complexes obtained was higher than in the first alternative.
However, the affinity for this region of the structure is relatively high as
the xylan chain moved towards this cleft more often than towards the
first alternative cleft during the simulations. These observations are not
statistically proven and it must be emphasised that the results of MD are
highly influenced by the starting complex which in turn is strongly
influenced by the authors' idea about the how the ligand is supposed to
dock given the structure, available structure-determined complexes,
experience and continuous information obtained from simulations

Fig. 6. Illustrations of the RmXyn10A aglycone-binding region in 2-D plots (left) and 3-D plots (right). A: alternative 1, the aglycone lies along the GH10 conserved binding cleft and B:
alternative 2. Hydrogen bonds are illustrated in the 2-D plots by green dotted lines and hydrophobic interactions as red stripes. The catalytic residues are coloured in yellow and the non-
conserved α-helix on loop β6α6 is marked in dark grey.
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throughout the study.
In order to compare the two alternative aglycone clefts, Table 4

presents several evaluating parameters of the two alternative complexes
formed. The binding energy of the ligand is slightly more negative for
the first alternative and the Cα RMSD is lower, suggesting that this al-
ternative is more probable. The bend in the xylan chain necessary for
binding in the second active site cleft gives the glycosidic bond between
the xylose units in subsite +1 and +2 abnormal torsion angles. Xylan
has been reported to have a three-fold helix conformation with torsion
angles φ, ψO3 and ψO5 in the range of −50 to −105, +135 and −59 to
−116, respectively [22,78,97]. The glycosidic bond between subsite
+1 and +2 of the second alternative falls outside these reported ob-
servations, suggesting that this conformation is atypical, has a higher
energy and thus, disfavours the binding. Another aspect is the loop β7α7

which constitutes a highly variable region within GH10, and longer
loops are in several cases involved in facilitating distal aglycone sub-
sites (e.g. BSX from Bacillus subtilis (PDB ID: 2FGL). Xyn10A from Cell-
vibrio japonicas (PDB ID: 1E5N), Xyn10B from Cellvibrio mixtus (PDB ID:
1UQZ) and extracellular xylanase T-6 from Geobacillus stear-
othermophilus, (PDB ID: 4PUD)). This loop in RmXyn10A has a length in
between the longer ones involved in substrate binding and the shorter
ones which only connect β-strand 7 and α-helix 7. If the binding cleft
runs towards the loop, the length is enough to facilitate interaction
between the amino acids of the loop and xylose units of subsite +3 and

further out. The loop conformation is difficult to predict as it contains a
large insertion compared to the template, and molecular dynamics in
not a powerful enough tool to simulate large conformational change
and loop flexibilities. The conformation of loop β7α7 remains to be
explored, and its putative role in substrate binding remains unclear.

For arabinoxylan (AX) to be hydrolysed, the first alternative of the
two clefts has to be used in order to facilitate arabinose substitutions.
However, the region containing Arg833, Tyr836 and Phe754 are in-
volved in the binding of the arabinose in O3-position in subsite +2 of
the first alternative but also the xylose in subsite +2 of the second
alternative. Thus, this region has high affinity and it is possible that an
unsubstituted xylan chain would bind differently than a substituted.
The number of GH10 xylanases crystallised with a ligand in the agly-
cone subsites is limited, only five are reported in the CAZy database.
The α-helix on loop β6α6 has only been observed in one other GH10
xylanase, the template protein, XynB, and attempts to model a ligand
into the aglycone region of XynB based on GH10 complexes were not
successful [95]. It is, therefore, possible that XynB and RmXyn10A is
part of a group within GH10 with a different aglycone conformation
from the other previously-determined complex structures.

3.5. Site-directed mutagenesis in the aglycone region supports the more
conserved GH10 binding cleft

A biochemical study of several mutants of RmXyn10A provides
support for substrate binding in the first alternative of binding cleft
(Fig. 6-A) rather than in the second one (Fig. 6-B). Seven mutants,
namely G720N, S724G, D782G, D784G, F754N, F754Del and R833G
were designed in order to investigate features of the aglycone region of
the active site and are illustrated in Fig. 8. The wild-type (wt) and all
mutants were constructed, expressed and purified successfully. The
activity for each protein was determined by the DNS stopping method
with birchwood xylan as substrate and can be found in Table 5. A
longer reaction was carried out to study the product profiles. The same
molar concentration of the proteins was used to degrade AX extracted
from rye bran, samples were taken at 1 and 20 h and the product
profiles were determined with High Performance Anionic Exchange
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD).
The results including all identified products can be found in Table S6
and selected data is presented in Fig. 9. Several non-identified peaks
were observed, the major one eluting right after A3X was assigned the
name AXOS 1 and will be discussed further in the next section. The ratio
of peak area between A3X and AXOS 1 as well as the amount of end
products are presented in Table 6. The products X1, X2, A2XX and A3X
are considered end products as they previously have been seen to ac-
cumulate compared to the other identified products which are pro-
duced and later degraded [34]. The amount of end products was used in
order to estimate the progression of the degradation.

Four of the mutants were designed to investigate the likelihood of
binding in either of the two possible aglycone binding cleft identified in

Fig. 7. Surface of RmXyn10A_CM docked with X5 in the first potential cleft illustrating
residues capable of interacting with arabinose substituents in subsite−2 (red), +1 (blue)
and +2 (orange). The following positions have successfully been docked: O3 in subsite
−2, O2, O3 and O2/O3 in subsite +1 and O3 and O2/O3 position and in subsite +2.
Light blue indicates interacting residues unique to arabinose bound in the O2-position of
subsite +1. Interaction with the highlighted residues has been observed in at least two
simulations.

Table 4
Evaluating parameters of X5 docked into subsite−2 and +3 in two alternative active site clefts of RmXyn10A. Average and standard deviation for three representative simulations of each
alternative are presented. The binding energies were calculated by two methods, here referred to VINA and AD100, as explained in the Material and Method section.

Potential active site cleft 1 Potential active site cleft 2

Binding energy (kcal/mol) VINA AD100 VINA AD100

−16.6 ± 0.6 −15.7 ± 0.6 −15.9 ± 0.3 −15.1 ± 0.5

Overall RMSD Cα to final model (Å) 1.36 ± 0.03 1.40 ± 0.05

Glycosidic bond angle (°) φ ψC3
a ψC5

b φ ψC3 ψC5

−1/+1 −53 ± 1 172 ± 3 −65 ± 2 −51 ± 2 163 ± 4 −75 ± 4
+1/+2 −58 ± 7 −179 ± 2 −58 ± 2 54 ± 0 118 ± 4 −123 ± 5
+2/+3 −55 ± 9 176 ± 15 63 ± 15 −65 ± 37 174 ± 8 −67 ± 8

a ψC3 is defined as the torsion angle for atoms C1′-O4-C4-C3 where ′ refers to the xylose unit towards the non-reducing end.
b ψC5 is defined as the torsion angle for atoms C1′-O4-C4-C5 where ′ refers to the xylose unit towards the non-reducing end.
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the MD simulations. G720N was designed to increase affinity for subsite
+2 and +3 of the first alterative binding cleft (Fig. 6-A). With the
exception of RmXyn10A, this residue is conserved in GH10 as an As-
paragine. The mutation increased the activity of RmXyn10A with 15%
(Table 5). S724G is situated in subsite +3 of the first alternative
binding cleft and was designed to decrease affinity in this region. A
minor decrease in activity was seen for this mutation. Both mutations
G720N and S724G have a similar progression in the reaction as the wt.
However, the mutants showed a slightly altered product profile com-
parted to wt, the amount of X3 was lower while the amount of X2 and X1

was higher. These observations can be caused by a decreased affinity
for subsite +3 and/or increased affinity for subsite +2 resulting in less
X3 being formed.

D782G and D784G were designed to reduce the affinity of the
second alternative binding cleft (Fig. 6-B), where the residues are pre-
sent in subsite +2 and +3 respectively. The mutations show a sig-
nificant reduction in activity compared to wt (18 and 4% of wt activity,
respectively). As the reaction proceeds at a slower pace for these mu-
tants, a straight comparison of the product profiles is difficult to make.
However, the 1 h time point of the wt and the 20 h time point of D784G
shows the same amount of end products and comparison of these pro-
duct profiles shows only minor differences. Neither any major differ-
ences, nor identical product profiles of wt and mutant D782G can be
determined. The lowered activity but only slightly changes observed in
product profiles caused by mutant D784G and D782G indicates that
these residues are more involved in an overall stability of the protein
rather than substrate binding. With the same reasoning, the remaining
and increased activity in combination with altered product profiles of
mutants in the first aglycone binding cleft suggest that these mutated
residues are involved in substrate binding rather that structural in-
tegrity of the protein. Thus, these results points towards the first
aglycone binding cleft (Fig. 6-A) being the actual one used, even for
degradation of XOS.

In order to study the effect of the non-conserved α-helix on loop
ß6α6 and the predicted region for binding an arabinose in subsite +2,
F754Del, F754N and R833G were designed (Fig. 8). Substitution of the
Phenylalanine with Asparagine resulted in loss of 82% of the activity.
Interestingly, the ratio of peak area between A3X and the unidentified
peak AXOS 1 increased for the mutant F754N compared to wt even
though the reaction has not proceeded as far, see Table 6. The product
profile indicates that A3X is produced in a higher amount than for the
wt. Because XA3XX does not seem to be affected by the mutation, the
mutation seems to increase affinity for the arabinose in subsite +1

Ser724

(S724G)Gly720

(G720N)

Arg833

(R833G)

Phe754

(F754N, F754Del)

Asp782

(D782G)

Asp784

(D784G)

-2

-1

+1

+2.1

+3.1

+2.2

+3.2

Glu667

Glu780

Fig. 8. Model of RmXyn10A with superimposition of two X5 docked in subsites −2 to +3
illustrating the first and second alternative aglycone binding clefts. Mutated residues in
the first (green) and second (blue) cleft, mutated residues involved in arabinose binding
in subsite +2.1 (purple) are marked as well as the catalytic residues (yellow).

Table 5
Hydrolytic activity at 70 °C of wt and mutants of RmXyn10A_CM on birchwood xylan expressed as kat (mol/s reducing end) per mol protein and percentage of the wt activity. All
measurements are done in triplicates, the numbers represent average and one standard deviation.

Activity wt G720N S724G D782G D784G F754N F754 Del R833G

kat/mol protein 30 ± 5 34 ± 2 28 ± 1 5.4 ± 0.6 1.2 ± 0.1 5.5 ± 0.5 0.5 ± 0.0 0.2 ± 0.0
% of wt activity 115 ± 20 92 ± 15 18 ± 3 4.1 ± 0.7 18 ± 3 1.8 ± 0.3 0.8 ± 0.2
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Fig. 9. Product profiles of wt RmXyn10A_CM and selected mutants during hydrolysis of
AX extracted from rye bran. The reactions were carried out with 60 nmol protein per g AX
in a 1% substrate solution (containing 62% AX) at 70 °C. All reactions were carried out in
triplicates, the staples represent average and the error bars one standard deviation.

Table 6
Hydrolysis of AX extracted from rye bran by wt and mutants of RmXyn10A_CM. Amount
of end products (X1, X2, A2XX and A3X) formed during the reaction as well as the peak
area ratio between A3X and the unidentified product AXOS 1 are presented in the table.
The reactions were carried out with 60 nmol protein per g AX in a 1% substrate solution
(containing 62% AX) at 70 °C, pH 7.4, samples were taken at 1 and 20 h. All reactions
were carried out in triplicates, the numbers represent average and one standard deviation.

Amount of end products
(% of AX in substrate (w/w))a

Ratio of peak area
A3X/AXOS 1

wt 1 h 11.6 ± 0.7 0.64 ± 0.01
20 h 30.3 ± 1.4 1.12 ± 0.01

G720N 1 h 11.4 ± 0.3 1.01 ± 0.07
20 h 38.3 ± 4.0 1.55 ± 0.07

S724G 1 h 9.46 ± 0.67 0.59 ± 0.06
20 h 35.9 ± 3.2 1.13 ± 0.05

D782G 1 h 3.92 ± 0.21 0.37 ± 0.05
20 h 25.4 ± 1.1 0.77 ± 0.01

D784G 1 h 0.08 ± 0.02 n.d.b

20 h 9.12 ± 2.14 0.53 ± 0.08
F754N 1 h 2.98 ± 0.22 2.17 ± 0.03

20 h 26.7 ± 1.3 3.41 ± 0.32
F754Del 1 h 0.09 ± 0.02 n.d.

20 h 7.54 ± 2.54 1.82 ± 0.44
R833G 1 h 0.02 ± 0.02 n.d.

20 h 2.49 ± 1.17 0.97 ± 0.38
NCc 1 h 0.08 ± 0.00 n.d.

20 h 0.28 ± 0.04 n.d.

a End products are X1, X2, A2XX and A3X. These products are accumulating during the
reaction and the added amount of these products can thus be seen as a measure of how far
the reaction have progressed.

b n.d. not detected, any or both of the two products were not detected.
c NC – negative control, no protein added in these reactions.
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rather than in subsite +2 (AXOS 1 is suggested to correspond to XA3X
as discussed in the next session). The mechanism for this increased
affinity is however unclear, as the Asparagine cannot directly interact
with an arabinose in subsite +1. Deletion of the Phenylalanine which
eliminates the α-helix structure resulted in an activity loss of 98%
and> 99% of the activity was eliminated by the mutant R833G com-
pared to wt. It is clear that these structures are important for the in-
tegrity of the protein. Thus, it is difficult to conclude their impact on the
possibility of accommodating an arabinose in subsite +2.

3.6. RmXyn10A is a good candidate to hydrolyse highly substituted
arabinoxylan

The combination of docking results and biochemical data from de-
gradation of rye AX suggest the major hydrolysis products after hy-
drolysis of AX are X1, X2, X3, A3X and XA3X, and minor products are
A2XX, XA3XX, A2+3XX and XA2+3XX. Product profiles obtained from
hydrolysis of XOS with varying degrees of polymerisation (DP) suggests
that the main products after degradation of linear xylan are X2 and X3,
and that X3 slowly hydrolyses to X2 and X1 when longer substrates are
completed [11,32,34]. This hydrolysis pattern indicates that the active
site consists of five subsites, arranged two and three around the clea-
vage point. This arrangement is in accordance with the docking result
as two glycone and at least three aglycone subsites can be identified.
Since X3 is the smallest substrate that RmXyn10A can hydrolyse, and
because subsite −2 provides more hydrogen bonds than +2, occupa-
tion of subsites −2 to +1 is assumed to be vital for hydrolysis to occur.
Subsites −2 to +1 are the most conserved subsites within GH10, they
have been shown to have a strong binding energy, and especially sub-
site −2 is known to provide high affinity for xylose units [20].

During hydrolysis of AX extracted from rye bran, X2, X3 and A3X are
identified as major products. Fig. 10 presents a chromatogram from 1 h
and 20 h of hydrolysis with RmXyn10A_CM which shows several other
products with retention times above 16 min that are also detected but
not identified. These peaks are assumed to correspond to AXOS. With
support from the docking results, we suggest that the currently uni-
dentified peak AXOS 1 corresponds to XA3X.

The observed high amounts of A3X and XA3XX in the hydrolysate
require O3-substitution possibilities in subsites −2, +1 and +2 which
have been demonstrated during docking, Fig. 7. O3-substitutions in
subsites +1 and +2 are not a general feature of GH10 xylanases, only
substitution in subsite −2 is seen for the entire family. XA3XX is ex-
pected to be an intermediate product, hydrolysed to XA3X and X1 upon
depletion of longer substrates, in the same manner as X3 is observed to
be hydrolysed to X2 and X1. No larger O3-linked single-substituted
AXOS are expected in the hydrolysate as they would be hydrolysed by
RmXyn10A to smaller fragments.

O2-substituted AXOS are not expected in large amount due to the
low presence of O2-substitutions in rye AX [4]. The smallest AXOS
accumulated, A2XX, confirms the docking results that no O2-substitu-
tions can be accommodated in subsites −1 or−2 but can in +1, Fig. 7.

Double-substituted A2+3XX and XA2+3XX are predicted as hydro-
lysis products by the docking results, Fig. 7. In a previous study, the
hydrolysate of the extracted rye bran AX from RmXyn10_CM was
treated with α-L-arabinofuranosidases (Abf) from GH43 to determine
the nature of the arabinose-substitutions [34]. Abf43 removes O3-
linked arabinofuranose from double-substituted xylose units leaving a
corresponding O2-substituted AXOS. The results showed an increase in
both A2XX and XA2XX after treatment with Abf43 from Bifidobacterium
adolecentis suggesting the presence of both A2+3XX and XA2+3XX in the
hydrolysate after treatment with RmXyn10A_CM.

The combined results of docking and biochemical characterisation
present RmXyn10A as a xylanase with a high capacity for hydrolysis of
highly substituted AX to XOS with a DP up to three and AXOS with a DP
up to four. RmXyn10A stands out among GH10 by allowing O3- and
double-substitutions in both subsite +1 and +2 and is, thus, a good
candidate when a highly substituted xylan is used as substrate and e.g.
prebiotic (A)XOS is to be produced.

3.7. The catalytic module of RmXyn10A is positioned towards the surface
of R. marinus

The full-length RmXyn10A contains five domains, including two
CBM4 modules, a domain with unknown function (D3), the catalytic
module and a putative cell-anchoring domain (D5) [31]. To study in-
teractions between the domains and its position towards the cell surface
of R. marinus, the modular arrangement was studied by small angle X-
ray scattering (SAXS). The experimental scattering pattern from the
full-length RmXyn10A is presented in Fig. 11, and the structural para-
meters computed from these data sets are given in Table 7. The esti-
mated molecular mass (MM) of the solute agrees within the errors with
the values predicted from the sequence. The SAXS data therefore in-
dicate that the full-length xylanase is monomeric in solution at the
protein concentrations used in these experiments.

A low-resolution model of the full-length RmXyn10A was re-
constructed ab initio from the corresponding experimental scattering
pattern. The reconstruction yielded superimposable results, provided
good fits to the experimental data and shows that the full-length
RmXyn10A is compatible with a five-domain assembly in as much as
they can accommodate three domains with available high-resolution
structures retaining the extra space for the remaining two domains. The
averaged and the most typical ab initiomodel of the solute are presented
in Fig. S5. A more detailed modelling was performed utilising the
available high-resolution models of the individual domains. Several
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runs were performed, which all yielded models compatible with the ab
initio shape, although with somewhat different orientations of the three
domains added. The most probable model is presented along with the
ab initio models in Fig. S5 and in cartoon representation in Fig. 12.

In the rigid model, Fig. 12, the active site of the catalytic domain is
directed away from the rest of the domains, and thus, no interference
with the active site from surrounding domains occurs. This may explain
why no added contribution to the specific activity is seen in trials
comparing the full-length enzyme with the catalytic module alone, ir-
respective of whether the substrate is pure and soluble or in a complex
mixture and including both soluble and insoluble components ([11],
[33] and unpublished data). However, a decrease in activity has been
observed when the catalytic domain is accompanied by either D3 or D5
[33]. It is therefore likely that, in the absence of CBM4-1 and CBM4-2,
D3 and D5 can interfere with the catalytic module and decrease the
activity. In the rigid model, the connection between the catalytic
module and D5 is a linker separating the two domains in space. A
possible decrease in activity suggests that this linker is flexible and
could bring the two domains together. D3 is in contact with the cata-
lytic module below the glycone part of the active site, on the outside of
the barrel, over a rather large area. In the absence of the preceding
domains it is likely that the interactions between the two domains are
altered in a way that affects the activity.

The arrangement of the five domains of RmXyn10A opens up for
speculation about potential cooperation among the domains to obtain
efficiency in substrate hydrolysis. The catalytic module does not con-
nect to the two CBMs which bind the substrate. Instead, D3 is situated
in between and is thus likely to have a role in bridging the substrate
from the CBMs to the catalytic module, because the space D3 occupies
makes it possible for the CBMs to be further away from the cell to
capture potential substrates. For the CBMs to be as far away from the
cell as possible, the catalytic module would be close to the surface of the
cell. In such a case, the long loop β7α7 of the catalytic module could
have a role in stabilising the position of the protein by binding to e.g.
lipopolysaccharides covering the cell surface of R. marinus, explaining
the atypical conformation of this loop in the homology model.

4. Conclusion

RmXyn10A is a glycoside hydrolase family 10 (GH10) xylanase well

Fig. 11. X-ray scattering pattern and the scattering computed from the models of the full-
length RmXyn10A. Dots with error bars: experimental data; solid green line: scattering
from the typical ab initio model; dashed red line: scattering from the best rigid body
model.

Table 7
Summary of structural parameters of the full-length
RmXyn10A computed from the scattering data.

Parametera

Rg (Å) 39 ± 1
Dmax (Å) 120
MM (kDa) 114 ± 10
MMseq (kDa) 107.5
χS

2 1.72
χ2 2.78

a Rg, Dmax and MM are, respectively, the radius of
gyration, maximum size and molecular mass, calculated
from the scattering data. MMseq is molecular mass of the
solute predicted from the appropriate sequence.
Discrepancies between the experimental data and com-
puted scattering curves from the models are denoted as:
χS

2 for ab initio shape determination; χ2 for the models
obtained by rigid body modelling.

Fig. 12. Rigid model of the full-length RmXyn10A illustrating the spatial arrangement of its five domains; CMB4-1 (cyan), CBM4-2 (yellow), D3 (purple), catalytic module (blue) and D5
(red), where linkers are coloured in black. CBM2-1, CBM4-2 and the catalytic module is represented by high resolution structures while D3, D5 and linkers are represented by backbone
atoms. The right panel is rotated clockwise by 90° around the horizontal axis.
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adapted to hydrolyse arabinoxylan with a high degree of arabinose-
substitution. The catalytic module has conserved catalytic residues and
glycone subsites, but contains several non-conserved features in the
aglycone region most likely responsible for the high tolerance for ara-
binose decorations observed. Loop α4β4 provides interactions to a
substituted arabinose in subsite +1. Substitution in subsite +2 is most
likely provided by a high-affinity region above subsite +2 and the non-
conserved α-helix on loop β6α6 which occupies the space for the xylose
in subsite +2 usually seen in GH10 xylanases and which forces the
xylan chain to take a lower and slightly turned position. Only one other
structure-determined GH10 xylanase shares the structural feature of the
α-helix on loop β6α6. The full-length RmXyn10A comprises a putative
cell-anchoring domain close to the catalytic module while two carbo-
hydrate binding modules are separated from the catalytic module by
module D3 with unknown function. The position of the catalytic
module, directed away from the rest of the domains, may explain the
lack of contribution to the activity seen in trials comparing the full-
length enzyme with the catalytic module alone.
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