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ARTICLE INFO ABSTRACT

Keywords: We analyzed the structure to function relationships in Ruminococcus albus 8 xylanase 10A (RalXyn10A) finding
Carbohydrate binding module that the N-terminus 34-amino acids sequence (N34) in the protein is particularly functional. We performed the
Xylan . recombinant wild type enzyme’s characterization and that of the truncated mutant lacking the N34 extreme
:i;oi;it:f;us (RalAN34Xyn10A). The truncated enzyme exhibited about half of the activity and reduced affinity for binding to

insoluble saccharides. These suggest a (CBM)-like function for the N34 motif. Besides, RalXyn10A activity was
diminished by redox agent dithiothreitol, a characteristic absent in RalAN34Xyn10A. The N34 sequence
exhibited a significant similarity with protein components of the ABC transporter of the bacterial membrane, and
this motif is present in other proteins of R. albus 8. Data suggest that N34 would confer RalXyn10A the capacity to
interact with polysaccharides and components of the cell membrane, enhancing the degradation of the substrate

and uptake of the products by the bacterium.

1. Introduction

Lignocellulose constitutes the primary raw material for the produc-
tion of secondgeneration biofuels [1,2]. The development of accurate
technology for such bioenergy purposes has a critical limitation linked
to the complex structure that makes lignocellulosic material recalcitrant
to degradation. In this context, the search for more efficient enzymes
with the ability to efficiently hydrolyze the polymeric biomass is a sig-
nificant issue for biochemical studies. Xylans are the hemicellulose’s
main components being closely associated with cellulose fibrils by,
together with lignin, covering the fiber surfaces [1-4]. In degradative
biomass treatments, even low amounts of residual xylans can limit the
extent and efficiency of the enzymatic hydrolysis of cellulose. The
addition of xylanases can overcome this curtail, as such enzymes hy-
drolyze hemicellulose, releasing xylan from the substrates, thus
improving the degradation of the polymeric material [3-9].

Xylans are polysaccharides made up of a linear backbone of f-(1—4)-
D-xylopyranosyl units with side branches at positions 2-O and 3-O of
a-L-arabinofuranosyl, 4-O-methyl-glucopyranosyl uronic acid, and
acetyl groups [8,10]. Endo p-1,4-xylanases cleave internal -1,4-glycosyl
bonds in the xylans’ main chain, giving rise xylooligosaccharides as

products. As reported for cellulases [11-13], many xylanases exhibit a
complex modular structure. This latter comprises a catalytic domain
(CD), and a non-catalytic polypeptide fused to by either the N- or the
C-terminus (or both) by flexible linkers rich in proline, threonine, and
serine residues. The non-catalytic domain exerts a function as a
carbohydrate-binding module (CBM) or as an enhancer of the enzyme
thermostability [14-18]. Currently, 87 different families of CBMs have
been categorized based on amino acid sequence similarities
(http://www.cazy.org) [14,19].

Ruminococcus albus 8 is widely known as one of the most active
lignocellulolytic ruminal microorganisms. It can degrade cellulose and
hemicellulose in forages such as alfalfa and grass hays. This bacterium
produces a wide range of glycoside hydrolase (GH) proteins, including
enzymes that can degrade lignocellulose [20-23]. In this respect,
different genes and protein products from R. albus 8 have been charac-
terized as (i) cellulases Cel5G, Cel9B, Cel9C, and Cel48A); (ii) an
extracellular a-L-arabinofuranosidase [20]; and (iii) xylanase 11C [24].
Besides, the molecular cloning of the gene xynA from R. albus 7 allowed
the production and biochemical study of the respective recombinant
xylanase [21].

Moon et al. [22] reported biochemical analyses of the genome from
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R. albus 8 with an emphasis on identifying enzymes that degrade the
hemicellulose component of the plant cell wall. The authors identified
five putative endoxylanases: ORF2725, ORF2882, ORF997, ORF1984,
and ORF2008 and characterized the respective recombinant proteins.
Based on amino acid sequences, the protein products of ORF2725 and
ORF2882 belong to the GH10 family, and they were R. albus 8 Xyn10A
and XynlOB, respectively. According to this study, the structure of
Xynl0B comprises a GH10 domain and three carbohydrate-binding
modules (CBMs), whereas Xynl0A would be a protein with only
endoxylanase ability. We performed a more detailed analysis to find that
Xynl0A (377 amino acids) comprises not only a GH10 catalytic module
but also an N-terminal domain of 34-amino acids (N34) with no assigned
putative function. This latter raised the question about a possible func-
tionality for such an N-term of Xyn10A.

Herein, we report the molecular cloning of the ralxyn10A gene to
produce and characterize the entire recombinant protein and the N34
truncated form. Results support differences between the full-length
protein and the shortened form of RalXynlOA in the efficiency and
redox dependence for hydrolyzing polysaccharides, thus identifying the
N-term as a new domain with CBM and regulatory functions.

2. Materials y methods
2.1. Bacteria, plasmids, and primers

Escherichia coli Top 10 F’ and E. coli BL21 (DE3) (Invitrogen) served
as hosts for cloning purposes and expression of the genes cloned in the
PETDuet vector (Novagen). DNA manipulations and E. coli cultures, as
well as transformations, were performed according to standard pro-
tocols [25]. Table S1 details all the primers (obtained from GenBiotech)
utilized in this work.

2.2. Endoxylanase constructs

We designed a gene (ralxyn10A) coding for endoxylanase RalXyn10A
for de novo synthesis (BIO BASIC INC) based on information from the
R. albus 8 partial genome sequence (GenBank accession no:
AEE64767.1). The gene design considered the E. coli codon usage to
optimize the heterologous production of the recombinant protein.
BamHI and HindIlI restriction sites flanked the constructed gene for its
afterward cloning and expression purposes. The plasmid pUC57/ral-
xynl0A, containing the synthetic gene, was digested with BamHI and
HindIIl. The resulting products were separated electrophoretically in 1%
(w/v) agarose gel and purified using a Wizard SV gel & PCR Clean-Up kit
(Promega). The digested gene was subcloned into pETDuet (previously
digested with the same enzymes) to obtain the construction pETDuet/
ralxyn10A yielding a fusion protein having an N-terminal His-tag. This
construct then served to transform E. coli BL21 (DE3) competent cells.

The DNA fragment encoding only for the GH10 catalytic domain was
amplified by PCR from the plasmid pUC57/ralxyn10A to produce the
truncated mutant protein lacking the N34 domain. For this subcloning,
we used the primers Xynl0AANFow and XynlOARev, respectively
(Table S1), containing BamHI and HindIII restriction sites for cloning the
PCR fragments into the pETDuet expression vector. A similar approach
was useful to build the chimeric protein N34-TbrCglT, which is
composed of the N34 domain from RalXyn10A (N34-) fused to the N-
term of the p-glucosidase from Thermoanaerobacter brockii (TbrCglT)
[26]. Thus, the DNA encoding for the N-terminal of RalXyn10A was
amplified by PCR from [pUC57/ralxyn10A] with primers NCBMXy-
nl10AFow and NCBMXyn10ARev containing BamHI and Notl restriction
sites for later insertion into pETDuet vector. The pETDuet vector con-
taining the first 102 nucleotides (N34) of ralxynl0A was digested with
the corresponding restriction enzymes, and the tbrcglt gene was then
subcloned to obtain the construction pETDuet/n34-tbcglt. Both con-
structs were used to transform E. coli BL21 (DE3) competent cells.

For amplification by PCR, samples contained 0.1 ng of pUC57/
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ralxyn10A, 100 pmol of each primer, and 2.5 U of Taq DNA polymerase
(Fermentas) were incubated under the following conditions: 5 min at
95°C, 30 cycles of 1 min at 95°C, 30s at 55°C and 1 min 15s at 72°C,
followed by 10 min at 72 °C. After cloning the amplified DNA fragments
into the pGEM-T Easy vector (Promega), the resulting constructions
were used to transform E. coli TOP10 cells. Automated sequencing
analysis (Macrogen) confirmed the correctness of sequences of the
amplified genes.

2.3. Site-directed mutagenesis

The QuikChange II site-directed mutagenesis kit (Agilent) was the
experimental tool to introduce C5S, C78S, and C111S mutations in the
ralxyn10A gene. We used pairs of complementary primers (having the
particular mutation in the middle of the sequence) C5SXyn10AFow plus
C5SXyn10ARev, or C78SXynlOAFow plus C78SXynlOARev, or
C111SXyn10AFow plus C111SXyn10ARev. The mutation medium con-
tained the respective pair of primers, plus 10 ng of the [pETDuet/ral-
xynl0A] plasmid as the template, and PfuUltra high-fidelity DNA
polymerase. PCR conditions consisted of 16 cycles at 95°C for 1 min,
55°C for 1 min, and 68 °C for 13 min. After treatment with Dpnl endo-
nuclease, the product served to transform E. coli Top 10 F’ cells for
plasmid propagation and mutant selection. The entire sequencing of the
double-strand DNA verified the introduction of the desired mutations.

2.4. Protein expression and purification

E. coli BL21(DE3) cells transformed with both [pETDuet/ralxyn10A],
[pPETDuet/ralAn34xyn10A] and [pETDuet/n34-tbcglt] were grown at
37°C in LB medium supplemented with 50 pg.ml~! ampicillin until
reach an OD600 ~0.6. Protein expression was induced with IPTG
(0.2mM) at 24 °C for 16 h. Cells were harvested by centrifuging 15 min
at 5,000 x g and 4°C and the pellet suspended in 5mL of buffer A
[25mM Tris—HCI pH 8.0, 300 mM NaCl, 5% (v/v) glycerol, 10 mM
imidazole] per gram of cells. Cells were disrupted by sonication on ice
and centrifuged 20 min at 16,000 x g and 4 °C. RalXyn10A, RalAN34-
Xyn10A, N34-TbrCglT, and RalXyn10A mutants (C5S, C78S, and C111S)
were purified by ion metal affinity chromatography (IMAC), using 1 mL
HisTrap™ HP columns (GE Healthcare) followed by a gel filtration
chromatography Superdex G-200. Briefly, supernatants were loaded
onto previously equilibrated Ni2* charged columns. After extensively
washing with buffer A, samples were eluted with a 10-300 mM imid-
azole linear-gradient (50 column volumes). Active fractions were pooled
and loaded onto a Superdex G-200 column and eluted with buffer A
without imidazole. All proteins were stable for at least three months
when stored at -80 °C under these conditions.

2.5. Protein methods

Protein concentration was determined by the Bradford [27] pro-
cedure using bovine serum albumin as a standard. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (in the presence
or absence of reducing agent) was performed according to Laemmli
[28]. Polyacrylamide monomer concentration was 10 % (w/v) for the
separating gel and 4% (w/v) for the stacking gel. Coomassie Brilliant
Blue was used for protein staining.

2.6. Molecular mass determination

The quaternary structure of the purified RalXyn10A and RalAN34-
Xyn10A was analyzed by gel filtration chromatography. The sample was
loaded in a Superdex Tricorn 10/300 column (GE Healthcare) in buffer
G (50 mM HEPES-NaOH pH 8.0, 100 mM NacCl, and 0.1 mM EDTA). The
molecular mass was calculated using a calibration plot constructed with
protein standards from GE Healthcare, including thyroglobulin
(669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa),
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ovalbumin (44 kDa), carbonic anhydrase (29 kDa), and ribonuclease A
(13.7 kDa). The column void volume was measured using a dextran blue
loading solution (Promega).

2.7. Enzymatic assays

The standard assay of xylanase activity was performed by using 4-O-
methyl-D-glucurono-D-xylan (MetGlcA-xylan, Sigma-Aldrich) as the
substrate. Measurements conditions were 10 min incubation at 40 °C in
buffer sodium acetate 100 mM, pH 6.0, with proper enzyme dilution.
Reducing sugars released from MetGlcA-xylan were determined with the
Somogyi-Nelson method [29,30]. The substrate consumption was
maintained below 10 % as a control to assure the proper determination
of initial velocity (v,). One unit (U) of enzyme activity is equal to 1 pmol
of xylose equivalent released per minute under the respective assay
conditions specified above.

The optimum temperature of RalXyn10A and RalAN34Xyn10A was
determined assaying the standard activity except that the temperature
varied in the range 4-70 °C. Optimum pH was measured by assaying
enzyme activity at 40 °C in buffers citrate (pH 3-5), acetate (pH 5-7), or
phosphate (pH 5-9). The thermostability and pH stability of the purified
enzymes were measured by incubating them for 1h at various temper-
atures (4-70 °C) and pH 6.0, or at variable pHs (in the range 4-9) at 4 °C.
After incubation, the residual enzyme activity was assayed under the
standard assay conditions.

2.8. Binding to carbohydrate assays

Binding of RalXyn10A, RalAN34Xyn10A, N34-TbrCglIT, and TbrCgIT
to insoluble polysaccharides was determined as follows: the enzyme
(0.1 mg) was mixed with polymer (5mg) in 0.5 mL of 100 mM sodium
acetate buffer (pH 6.0) and incubated at 25 °C for 1 h with stirring (1500
x ). After centrifugation at 3000 x g for 5min, the supernatant was
separated, and the unbound enzyme quantified by the Bradford pro-
cedure [27]. The insoluble polysaccharide was washed thrice with so-
dium acetate buffer, and then bound protein was eluted with sodium
dodecyl sulfate (SDS) 10 % (w/v) at 90 °C for 10 min and analyzed by
SDS-polyacrylamide gel electrophoresis (SDSPAGE). The poly-
saccharides tested were pure cellulose, filter paper, pine sawdust, chitin,
and insoluble arabinoxylan. To analyze the effect of a reduction agent on
cysteinyl mutant variants of the enzyme, prior incubation with the
insoluble polysaccharide, the respective enzyme was incubated with
DTT (3 mM) in Buffer B for 20 min at 25 °C. After treatment, we carried
out binding assays as described above.

2.9. Oxidation and reduction assays

Oxidation and reduction assays were carried out by incubating the
enzymes (30 pM) at 25°C in buffer B for 20 min with 2-ME, DTT,
diamide, or H305 in different concentrations (0—30 mM). After treat-
ment, the sample was assayed for activity. Experimental data were
plotted as the percentage of remaining activity versus reagent concen-
tration, taken as the reference control the enzyme incubated in the
absence of any redox reagent. When necessary, redox reagent remaining
after treatment was eliminated by desalting the samples on a Bio-Gel P6
(Bio-Rad) mini-column. Experimental points determined in redox
modification studies are means of at least three measurements repro-
ducible within +10 %.

2.10. Determination of the midpoint reduction potential

The Ej, of a protein is the reduction potential at which the concen-
tration of its oxidized and reduced forms are equal [31]. The E, values
of RalXyn10A and its mutants were determined by redox titration with
2ME-HEDS, the reduced and oxidized species of B-mercaptoethanol,
respectively, which interexchange according to the reaction: 2ME«
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2H+ + 2e- + HEDS. Different reduction potential values were obtained,
varying the relative concentration fixed at 25 mM, with the addition of
50 mM HEPES pH 8.0. The E;, values were calculated by using the Nernst
equation applied to the reduction reaction stated above: En= Engo
_RT/nF Ln ([2ME]? / [HEDS]), where Ep, g ¢ is the E, for 2ME/HEDS at
pH 8.0 (-0.319V) [32], R is the universal gas constant (8.314J
K 'mol™)), T is the absolute temperature (303 K), n is the number of
moles of electrons transferred in the reaction, and F is the Faraday
constant (96.485kJ mol~! V1) [31].

The different enzymes (5 pM) were incubated for 1 h at room tem-
perature in various redox buffers and then assayed for activity under
standard conditions. Values of enzyme activity were plotted versus Ej
and fitted to the Nernst equation using the program Origin 8.0 to
calculate the Ep,.

2.11. Sequences alignment and molecular modeling

Multiple sequence alignments were performed using ClustalW [33],
and similarity search between sequences was used to predict protein
domains functions. Alignments were displayed using ESPript3.0 (http
://espript.ibep.fr/ESPript/ESPript/) [34]. The search for suitable tem-
plate models was performed with the template identification tool of the
Swiss Model Workspace [35]. The deduced crystal structure model of
endo-beta-1,4-D-xylanasel0B from Clostridium thermocellum (PDB ID:
2W5F) showed the best identity to RalXyn10A [36], after which was
used as a template for homology modeling. Sequences of the selected
template were aligned using the program HHBlits [37], and ten ho-
mology models of RalXyn10A were obtained using the software Mod-
eller 9.15 [38,39]. Special care was taken to avoid any gap inside of
secondary structure elements. To establish the best model, we took into
account the more top global score of verify3D [40], the higher z DOPE
[41], and the QMEAN [42] potential values. Secondary structure pre-
diction of the complete protein sequence (RalXyn10A) was made by
Jpred4 [43]. The building of the structure model of N34 motif was made
by I-TASSER [44,45] server using ten threading templates (PDB ID:
1 PSM; 4H2S; 1AA7; 1Y04; 1J51; 1DMC; 3CWR; 50HG; 21NK; 1ZNF).
The model was selected by the higher C-score [45] and analyzed for
global structure quality score with verify3D [40], the QMEAN [42]
potential values.

3. Results

3.1. Characterization of the kinetic and physicochemical properties of
recombinant RalXyn10A and RalAN34Xyn10A from R. albus 8

Two endo-xylanases assigned to the GH10 family (Xyn10A and
Xyn10B) are identified from the genome of R. albus 8 (GenBank acces-
sion no. ADKM00000000.2). Both proteins, recognized in the proteome
project ID UP000004259, were characterized by Moon et al. [22] in a
study based on the functional analysis of structural domains. The au-
thors considered that Xyn10A was a protein primarily comprising a
xylanase domain, whereas XynlOB exhibited a higher structural
complexity by also having three functional CBMs. We performed more
detailed scrutiny of the structure of RalXyn10A (Fig. 1), revisiting the
N-term of the protein, which is out of the primary domain and was
considered non-functional. Fig. S1 illustrates an alignment of the amino
acid sequence of RalXyn10A (377 amino acids) and Xyn10B (811 amino
acids), where it is clear the presence of the xylanase domain in both
proteins. In the alignment, the GH10 catalytic domain from each protein
shares 42 % similarity (31 % identity) with the other one. Xyn10B also
possesses three structural areas with conserved sequences of functional
CBMs (of the type CBM4 9, CBM22, and CBM37).

Flanking the GH10 domain, RalXyn10A has a 34 amino acid chain at
the N-term (Fig. 1). Analyzing the sequence structure of the N34
extension, we sought for comparison with different CBMs already re-
ported. As shown in Fig. S2, a maximal similarity of 23 % (15 % identity)
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Fig. 1. Amino acid sequence of a GH10 xylanase from Ruminococcus albus 8 (RalXyn10A). Strictly conserved amino acids in GH10 xylanases are colored in
yellow and semi-conserved amino acids in green. N34 motif and GH10 catalytic modules are highlighted in blue and orange boxes, respectively. The extracellular
signal peptide sequence (13 amino acids) predicted by the SignalP server was removed from the sequence display (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.).

was found concerning CBM37a from the Cel5G protein of R. albus 8 [22,
24]. Alignment with other CBM sequences indicated low levels of sim-
ilarity, with values between 7% and 20 % (identity between 3% and 10
%). The grouping sequences respect to the multiple binding functional
domains confirmed the absence of identity. These results made suppose
that the N-term lacks CBM functionality in the previous characterization
of RalXyn10A [22]. However, it would be valuable to explore the issue
further, considering the currently limited identification of CBMs at the
present and also the possible association with other roles like protein
stability, catalysis, and regulation.

To advance in the search for the functionality (if any) of the N-term
of RalXyn10A from R. albus 8, we designed a strategy to recombinantly
produce two variants of the enzyme: the total 377 amino acids protein
(RalXyn10A), and the truncated version lacking the 34 residues from the
N-term (RalAN34Xyn10A) (Fig. 1). Both forms of the enzyme contained
a His-tag fused to the N-term, which eased purification by Ni**-affinity
(Ni2*-IDA) chromatography. Fig. 2 shows that the two recombinant
proteins where produced and purified to a high electrophoretic degree.
The molecular mass estimated for the entire and the truncated proteins
from the SDS-PAGE migration agrees with the expected size of about
50 kDa and 45 kDa, respectively (Fig. 2A). Besides, both proteins eluted
from a size exclusion chromatography column (Superdex S200) as a
single peak with retention volume compatible with a monomeric
structure (Fig. 2B).

The purified RalXyn10A and RalAN34Xynl0A were active, with
specific activity (measured with the soluble substrate MetGlcA-xylan)

values of 90 U/mg and 50 U/mg, respectively. Both enzymes exhibi-
ted similar dependence of activity and stability with temperature and pH
(Fig. 3). Indeed, the optimal temperature for catalysis was 40 °C, and the
analysis of stability by incubation at different temperatures showed a
similar denaturation pattern for both proteins over 40°C (Fig. 3A).
Regarding pH, the higher activity was measured at pH 6.0 (Fig. 3B), and
both enzymes were stable to the incubation in the range pH 4-8
(Fig. S3).

We evaluated possible functions of the N34 domain for catalysis or
binding to polysaccharides (CBM). Fig. 4 details saturation curves for the
soluble substrate respect to the enzymes under study. As shown, the
kinetic behavior for the use of MetGlcA-xylan was similar for RalXyn10A
and RalAN34XynlO0A, the former exhibiting enhanced hydrolytic ca-
pacity (~2-fold higher Vi,ax). On the other hand, we assessed the ability
of RalXyn10A and RalAN34XynlOA to bind to different insoluble
polysaccharides with p-glycosidic linkages. As controls, we used a
B-glucosidase from T. brockii (TbrCglT) composed only of a GH10 cata-
lytic core and the chimeric protein produced by fusing the N34 domain
from RalXynlOA to TbrCglT (N34-TbrCglT). The wild type R. albus
enzyme exhibited a relatively high capacity for binding to pine sawdust,
filter paper, cellulose, and chitin (Fig. 5). The binding ability was lower
for arabinoxylan, which could be due to arabinose ramifications present
in arabinoxylan [46,47]. The truncated mutant protein, lacking the N34
domain, showed a low capacity to bind to the insoluble polysaccharide
by ~30 % (for arabinoxylan, this reduction was ~90 %). Concerning
TbrCglT, it remained unbounded in the supernatant fraction or poorly

A B

1

97 kDa
66 kDa

2

45 kDa

Abs 280 nm (mAU)

29 kDa

18 kDa

14 kDa

45 kDa
16.9 ml

Elution volume (ml)

Fig. 2. Analysis of RalXyn10A and RalAN34Xyn10 purification by SDS-Page (A) and size exclusion chromatography profiles (B). Lane 1, molecular mass
markers. Lane 2, purified RalXyn10A. Lane 3, purified RalAN34Xyn10. Both proteins eluted as a single peak with retention volume compatible with a mono-

meric structure.
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Fig. 4. Saturation curves for RalXyn10A (c) and RalAN34Xyn10A (A) with
4-methyl-D-glucurono-xylan as substrate. Parameters were calculated from
average data from three independent experiments.

bound to the polymers. The N34-TbrCglT showed increased (by 10 % or
more) capacity for binding to pine sawdust and filter paper (Fig. 5).

3.2. Redox modification of RalXyn10A

We found that the activity of recombinant RalXyn10A was sensitive
to the incubation with the reducing agents 2-mercaptoethanol (2ME)
and dithiothreitol (DTT). Fig. 6A illustrates that the enzyme decreased
its activity after 20 min treatment in a form that directly relates to the
reductant concentration. As shown, the inhibition reaches a value of
~80 % at levels of 2ME or DTT of 1—-5mM. The inhibitory effect could
be reversed by treatment with the oxidizing compounds H;0, and
diamide (Fig. 6B). Such a reversion also exhibited a direct dependency
on the oxidant concentration. The inactivated enzyme could recover
near 100 % of the activity at 15 mM of such agents. The reduction with
3mM DTT also affected the enzyme’s capacity to bind to pine sawdust,
with a decrease of 50 % respect to the oxidized protein (data not shown).
Interestingly, the truncated RalAN34Xyn10A mutant was insensitive to
redox treatment, and neither change was observed in its activity
(Fig. 6A), nor in its ability to interact with the insoluble pine wood.

The above-detailed results lead us to identify cysteine residues
(which preferentially undergo redox modification) in the sequence of
RalXyn10A. One o such amino acid (Cys-5) is present in the N34 domain.

100
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> &L X O S
$0 \\&0 beQ C) ‘\\ 0'\-4\‘
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Substrate

Fig. 5. Enzyme binding to insoluble substrates. Enzyme variants were
incubated with insoluble polysaccharides (1 % p/v), including wood from pine
tree, cellulose, filter paper, chitin, and arabinoxylan. After centrifugation,
protein remains in the supernatant was quantify by Bradford procedure. Ral-
XynlOA (white), RalAN34Xynl0A (gray), TbrCglT (diagonal stripe), N34-
TbrCgIT (horizontal stripe).

Since the truncated enzyme lacked sensitivity to redox agents, Cys-5
would be a clear candidate to participate in the process. The protein
has four other cysteines in the GH10 domain (at positions 78, 111, 200,
and 270) that potentially could be involved in the redox modification,
preferentially, if in the active site domain. Considering that the oxida-
tion of two cysteinyl moieties to form a disulfide requires a relatively
short distance between them, it was useful to have a 3D model of the
GH10 domain. Several homologous 3D structures to RalXyn10A were
found by HHBlits [37], but none of them include the N34 domain unique
of RalXyn10A. Thus, we modeled the GH10 domain counting from res-
idue 35-372, using the crystal structure model of endo-beta-1,
4-D-xylanaselOB from Clostridium thermocellum (PDB ID: 2W5F) that
showed the best identity (36 %) with RalXyn10A.

Our 3D model (Fig. 7) shows that residues present in the substrate-
binding cleft subsite -1 (Gln-263, Lys-83, Trp-336, Asn-187, His-128,
His-265, and Trp-344) and subsite 2 (Glu-79, Asn-80) (all conserved
between Xynl10As) are accurately positioned [48,49] (see Fig. S4). In
such a 3D arrangement, one conserved (Cys-78) and other
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Fig. 6. Relative activity of RalXyn10A (white and gray stripes) and RalAN34Xyn10A (diagonal stripes) after reduction treatments (A) and RalXyn10A
subsequently oxidized with different concentrations of H,O, (gray) and diamide (white) (B). The enzyme was incubated for 20 min with varying concen-
trations of redox agents (DTT and 2ME), and relative activity was measured in comparison with no treatment control. Hundred percent of activity (90 U. mg ~1)

corresponds to the control of the untreated enzyme.

non-conserved (Cys-111) cysteines are relatively close (3 f\) each other
and locate in the proximity of the substrate-binding subsites of Ral-
Xynl0A. The two other residues (Cys-200 and Cys-270) are distant be-
tween them, respect to other cysteines, and residues of relevance for the
enzyme functionality. In this scenario, Cys-78 and Cys-111 would play
an important function in maintaining the cleft structure for substrate
binding. They could also be involved in the redox modification of the
R. albus xylanase.

To insight the redox modification of RalXyn10A at a molecular level,
we constructed and characterized three site-directed mutants of the
protein (C5S, C78S, and C1118S). C5S and C78S exhibited insensitivity to
the incubation with DTT respect to changes in activity (Fig. 8A) or the
capacity to bind to pinewood (Fig. 8B), thus resembling the behavior of
RalAN34Xyn10A. Table 1 details the kinetic parameters for the hydro-
lysis of MetGlcA-xylan of the wild type, N34-truncated, and cysteinyl
mutant variants of the enzyme in their respective oxidized and reduced
states. As shown, all the protein forms exhibited similar relative affinity
toward the soluble substrate, although with a variable cooperativity
degree (the higher for the reduced wild type and the C111S mutant) in
the saturation curve. Contrarily, the different forms of the enzyme
showed distinct k¢, values.

Fig. 7. Three-dimensional model of the GH10 catalytic
domain of RalXyn10A. The building of the structure model of
RalXyn10A was based in a template derived from a known X-
ray structure of  endo-B-1,4-D-xylanasel0B from
C. thermocellum (PDB ID: 2W5F, Identity 36 %) [36]. Amino
acids involved in substrate binding sites were displayed in
green for subsite -1, purple for subsite -2, and catalytic gluta-
mic acids (188 and 294) in blue (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article.).

Results in Table 1 indicate that the N34 domain and specifically the
residue Cys-5 are critical for RalXynl0A to reach a redox-dependent
maximal catalytic capacity. Indeed, the entire protein at the oxidized
state exhibited a ~2-fold enhancement of k., with concerning (i) its
reduced form, (ii) the RalAN34XynlOA, and (iii) the C5S mutant
enzyme. The C111S protein exhibited a behavior quite similar to the
wild type enzyme, supporting a role of Cys-78 in the redox process
(besides the involvement of Cys-5 suggested before). More intriguing are
the C78S enzyme characteristics since it displayed a k., even higher (by
20 % up) than the wild type protein. Besides, the activity of C78S was
insensitive to treatment with DTT, which suggests that this protein form
is intrinsically more active or that the oxidation process in this mutant
takes place in a different (irreversible) manner.

Given the modification of the activity of RalXyn110A exerted by
oxidant and reducing agents, we performed a redox titration associated
with the enzyme catalytic capacity. The activity of the wild type and
mutant forms of the xylanase was determined at different redox poten-
tials (Ep) reached by specific ratios of 2ME and its oxidized form
(hydroxyethyl disulfide, HEDS) present into the assay media. The ac-
tivity of RalXyn110A and the C111S mutant form increased from 40 U/
mg as the Ej, became less negative (more oxidizing), to reach its maximal
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Fig. 8. Effect of reduction treatment by DTT on enzyme variants activity
(A) and binding capacity (B). Enzyme variants (3 pM) were incubated for
20 min with different concentrations of DTT (0-30 mM), and enzyme activity
was measured with MetGlcA-xylan. RalXyn10A (o), RalAN34Xyn10A (A), Ral-
XynlOA C5S (v), RalXynl10A C78S ({)), RalXyn10A C111S (7). For binding
assays, oxidized (white) and reduced enzymes (gray) were incubated for 1h
with pine sawdust (1% p/v). Bound protein was determined as described in
materials and methods.

Table 1
Kinetics parameters for enzyme variants with 4-O-methyl-D-glucuronoxylan as
substrate.

Enzyme Variant DTT (mM) So.5 (mg/mL) ny keat 671
Radkym1on 5 Siios  acros  rss
RalAN34Xyn10A g 2:2 i g:: 1:: i gjﬁ 22 i 3
Raxymoacss 0 cis04 2902  s3o3
Raxymoacrss iat0s  2e-0s 739
RalXyn10A C111S g ::ig; iéigg Z;iz

*DTT: Enzyme (3pM) was incubated for 20 min at 30 °C with DDT 3 mM.

value at —150 mV (Fig. 9). For the wild type and the mutant proteins, the
En (potential at which the activity reached 50 % of the total increase)
was determined in —290 mV and —230 mV, respectively. In agreement
with the other results reported herein, the activity of RalAN34Xyn10A,
as well as of the mutants C5S, and C78S, remained unchanged within the
range of redox potential analyzed.

3.3. Expanded approach on the structure-function of the N34 domain

As analyzed above, the N34 motif of RalXyn10A contains a cysteine
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Fig. 9. Determination of midpoint reduction potential. Redox titration of
the different enzyme variants (5pM) incubated at 30°C and pH 8.0 with
various 2ME/HEDS ratios for 1 h. The titration curve was fitted as the reduced
fraction versus E}, using a logistic model.

residue that would critically participate in forming a disulfide bridge
with a similar residue located in the protein’s GH10 domain. The redox
process generates a more active enzyme, having a moderate enhanced
affinity for the binding to insoluble substrates. This latter feature agrees,
in part, with a degree of similarity (23 %) found by sequence alignment
with CBM37 (see Fig. S2). This domain is characteristic of glycosyl hy-
drolases of R. albus (i.e., Cel48A, Cel9B, Cel5G, and Xyn10B), conferring
these enzymes capacity to bind polysaccharides and interact with cell
membranes [50]. Nevertheless, even when it is the higher regarding
CBMs, the similitude with CBM37 is relatively low to typify N34 as a
domain of such a nature (as least primarily). Besides, we performed
multiple sequence alignments with dockerins and pili-like proteins,
which are extracellular molecular components involved in cellulosome
assembling or in the interaction with fibril polysaccharides, that were
previously reported in R. albus [51,52]. Results of these alignments gave
even lower sequence similarities (~5—10 %, see Fig. S5), thus sug-
gesting the lack of dockerin and pili-like protein function for the N34
motif.

We inverted the strategy to find possible similitude with proteins of
known function, now using the N34 amino acid sequence as the query to
BLAST against the universe of polypeptide domains in the database. As
shown in Fig. 10A, by this procedure, we identified a significant simi-
larity (=50 %) with SBP (for Substrate Binding Protein) of ABC
(abbreviation of ATP-Binding Cassette) transporters present in mem-
branes of many bacteria [53-55]. The similitude percentage is in
agreement with the structural similarity between SBP proteins and the
model of the N34 domain obtained based on of threading with ten
templates (Fig. 10B). This result strongly supports the role of N34 in
connecting RalXynlOA with the bacterium membrane, probably
coupling the saccharides interacting with the enzyme with the transport
of monosaccharide products to be incorporated into the cell. We further
compared the N34 sequence with the proteins database of R. albus
(Fig. S6), revealing its presence in a group of seventeen proteins that
include: (i) nine of the families of transglutaminase (five), ColH kinase
(two), and glycosyl hydrolase (two); and (ii) eight cataloged as putative
proteins without assigned function.

4. Discussion

The production of biofuels from lignocellulosic materials requires
the enzymatic hydrolysis of cellulosic substrates (cellulose and hemi-
cellulose) to fermentable sugars. The enzymes hydrolyzing cellulose and
hemicellulose usually arrange in a multi-enzymatic complex known as
cellulosome, particularly in anaerobic microorganisms [57,58]. Cellu-
losomes set up the scaffolding of proteins anchored to the cell membrane
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Fig. 10. Proteins containing a N34 similar motif (A) and 3D model by threading of the N34 motif (B). RalXyn10A N-terminal amino acids (N34) were used a
query in a BLAST search to identify sequences that contain a similar motif. WP_117528263.1, ABC transporter substrate-binding protein from Coprococcus catus (Sim:
50 %, Id: 41 %;151 aa); WP_118245296.1, transporter substrate-binding domain-containing protein from Clostridium sp. AM58-1XD (Sim: 41 %, Id: 26 %; 568 aa);
WP_152425679.1 osmoprotectant ABC transporter substrate-binding protein from Bacillus subtilis (Sim: 29 %, Id: 15 %;151 aa); WP_094050868.1, ABC transporter
substrate-binding protein from unclassified Cohnella (Sim: 35 %, Id: 29 %;336 aa); WP_120955330.1, PASTA domain-containing protein from Arthrobacter oryzae
(Sim: 41 %, Id: 32 %; 209 aa); WP_117544550.1, extracellular solute-binding protein from Eisenbergiella massiliensis (Sim: 47 %, 1d: 41 %; 555 aa); WP_147556368.1,
transporter substrate-binding domain-containing protein from Catenibacterium mitsuokai (Sim: 41 %, Id: 29 %;270 aa). B) The building of the structure model of N34
was made by I-TASSER server. Amino acid cysteine 5 that is involved in redox modulation is highlighted in yellow and carboxyl terminal lysine 34 that connects the
N34 to the catalytic domain in red (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

that coordinate the recruitment of cellulolytic enzymes through the
interaction of dockerin-cohesin domains. The consequence is that the
hydrolytic enzymes and their catalysis products remain close to the cell
surface [56,57]. Regarding R. albus, the molecular mechanisms to stick
proteins to lignocellulose were scarcely determined, with the proposal of
many differences to what was found in Clostridium spp. and even in
Ruminococcus flavefaciens [59]. In the former bacterium, it has been
identified the occurrence of the extracellular glycocalyx [60], pili-like
structures composed by proteins CbpC [52,61], and cellulosome-like
complexes [52]. Besides, it was reported that the CBM37 domain not
only plays the canonical role of gathering glycosyl hydrolases to poly-
saccharides but also is involved in the stick of the enzymes to the cell
membrane [50].

The exhaustive biochemical analysis of the genome from R. albus 8
respect to enzymes degrading the hemicellulose component of the plant
cell wall shows five putative endoxylanases, two belonging to the GH10,
and three to the GH11 family [22]. These enzymes operate synergisti-
cally with a B-xylosidase, an a-L-arabinofuranosidase, and an a-glucu-
ronidase that would constitute accessory components to hydrolyze
further the products of the formers [20,22]. All five endoxylanases have
been studied [22], with the RalXyn10A in this group characterized as the
simplest in structure, being composed of only a GH10 catalytic domain
[22]. Indeed, the enzyme is markedly different to Xyn10B, which central
GH10 module (catalytic) is flanked by a CBM4_9, and a CBM22 plus a
CBM37 at the N- and the C-terminus, respectively. We performed a more
detailed analysis to revisit that the 377 amino acids RalXyn10A protein
comprises not only a GH10 catalytic module but also an N-terminal
domain of 34-amino acids (N34) with no assigned putative role. This
latter raised the question about a possible functionality for such an N34
sequence, after which we produced recombinant RalXyn10A and the
truncated RalAN34XynlOA mutant enzyme and characterized the
properties of the purified proteins.

Our results support the N34 module’s functionality in RalXyn10A,
with characteristics that improve the catalytic capacity. The enzyme’s
complete form exhibited a higher capability to bind insoluble poly-
saccharide substrates than the truncated mutant. Besides, the chimeric
protein (N34-ThrCgIT) revealed that the fused N34 motif improved the
binding of the p-glucosidase the polymeric substrates. These behaviors
agree with the action exerted by CBM from multimodular enzymes [14,
15]. Worthy, N34 seems to be an atypical CBM, considering its relatively
low similarity with other modules already characterized [19]. This little
sequence correspondence includes CBMs found for glycosidases from
R. albus, with the best match of 15 % identity and 23 % similarity

regarding the CBM37a from R. albus 8.

A second function found for N34 in RalXyn1O0A is its involvement in a
redox process where the Cys-5 in the motif would form a disulfide bridge
with a homologous residue located in the GH10 domain of the protein.
In the oxidized form, the enzyme is up to 2-fold more active (also having
a higher capacity to bind insoluble polysaccharides). Changes in Ral-
XynlOA activity resulted from treatments with reductants (DTT and
2ME) that inactivated, or oxidants (HyO5 and diamide) that reversed the
effect, recovering the activity. The characteristics of these redox agents’
action suggest the oxidative formation of a disulfide bridge that is
shifted to the originating cysteine residues upon reduction [62-64].
Supporting the involvement of Cys-5, the RalAN34Xyn10A exhibited
about half the activity of the entire oxidized enzyme and was insensitive
to the redox treatments. Performing the redox treatment of the enzyme
at variable ratios of 2ME/HEDS, we calculated an Ej, of —290 mV for the
transition between low and high active forms RalXyn10A.Together with
the fact that the enzyme is extracellular to R. albus, these redox condi-
tions are compatible with the in vivo conditions where the enzyme is
operative. Indeed, R. albus 8 is one of the organisms of the rumen
microbiota in Bos taurus, including anaerobic/microaerophilic bacteria,
fungi, and protozoan that help to degrade fiber and cellulosic/ligno-
cellulosic components. The Ej of the rumen environment was deter-
mined in the range —220mV to —110mV [65-67], after which
RalXyn10A would reach its maximal catalytic capacity upon release
from the cell bacterium.

Based on a 3D model of the GH10 catalytic module, we identified
Cys-78 and Cys-111, as positioned in the enzyme active (and substrate
binding) site. The mutant proteins C5S and C78S exhibited insensitive to
redox treatment regarding their catalytic capacities, whereas the C111S
mutant behaved like wild-type RalXyn10A. These results suggest that
Cys-78 would be close enough to form the disulfide bridge with Cys-5
producing the oxidized enzyme. Such a process would induce a
conformational change to a more accurate protein structure with
enhanced the capacity to bind substrate and perform the catalytic hy-
drolysis [62-64]. Besides, and interestingly, the Va5 of C78S was ~20
% higher than that of the wild type enzyme. The absence of the Cys-78
would induce the oxidation of Cys-5 to form a sulfenic acid state (which
is not susceptible to reduction). This oxidized form could generate a
sulfenamide derivative after reacting with an amine or amide moiety in
the active site environment where localize the absent Cys-78, as it has
been reported to occur in other proteins [63,64]. The sulfonamide
produced in the C78S mutant protein would arrange a conformational
change in the enzyme similar to that reached by RalXynlOA. The
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characteristics of higher activity and insensitivity to changes in the
redox environment make the C78S mutant enzyme a relevant techno-
logical tool for biofuel and biorefinery industries.

Beyond the relevant functions at the redox-linked enhancement of
the substrate binding capacity and catalysis exerted by RalXyn10A, the
N34 would play a role in the association of the enzyme with components
of the R. albus membrane. The finding supporting the latter is that the
domain has a high degree of similarity with SBP polypeptides of ABC
transporters already identified in membranes of many bacteria [53-55].
These systems work by arranging a scaffold of proteins and substrates in
association with the membrane transporters to improve the cell intake of
the enzymatic processes. A cluster of an ABC transporter component,
including enzymes that hydrolyze xylans, was identified in
R. flavefaciens [68]. Besides, it was reported that the growth of R. albus
on cellulose induces a more than 4-fold increase in the level of tran-
scripts related to an ABC transporter operon [59]. All the data support a
scenario where the N34 domain could associate RalXynlOA to a
multi-protein structure connected with the cell membrane. The protein
complex would facilitate the accurate hydrolysis of xylans coupled to the
products’ handling for an adequate intake to the bacterial cell. Once
established of the N34 sequence’s functionality, the motif was found in
other seventeen proteins of R. albus 8 already identified as an enzyme or
only as putative macromolecules withoutassigned role. Thus, the pre-
sent work contributes to evidence of a sequence domain that is func-
tional to complement the action of different enzymes and proteins in the
ruminal bacterium.

5. Conclusions

Ruminococcus albus 8 endo $-1,4 xylanase 10A (RalXyn10A) presents
an N-terminus amino acid motif beside the GH10 catalytic domain that
is distinctively functional. This domain plays a critical role in redox
modulation of the xylanolytic activity of RalXynlOA in the rumen
environment. Besides, our results show that N34 is involved in enzyme
binding to polysaccharides and has significant similarity with SBP pro-
teins from ABC transporters of the cell membrane. Previous research
already demonstrated more than one mechanism involved with the
adhesion of R. albus to the substrate [52], where CBM37 mediates the
glycanases localization at the surface of the cell membrane [50]. Simi-
larly, N34 may play a role in linking enzyme degradation of poly-
saccharides with the uptake of the products by the bacterium.
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