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Abstract: Thermoanaerobacterium bryantii strain mel9T is a thermophilic bacterium isolated from
a waste pile of a corn-canning factory. The genome of T. bryantii mel9T was sequenced and a
hemicellulase gene cluster was identified. The cluster encodes seven putative enzymes, which are
likely an endoxylanase, an α-glucuronidase, two oxidoreductases, two β-xylosidases, and one acetyl
xylan esterase. These genes were designated tbxyn10A, tbagu67A, tbheoA, tbheoB, tbxyl52A, tbxyl39A,
and tbaxe1A, respectively. Only TbXyn10A released reducing sugars from birchwood xylan, as shown
by thin-layer chromatography analysis. The five components of the hemicellulase cluster (TbXyn10A,
TbXyl39A, TbXyl52A, TbAgu67A, and TbAxe1A) functioned in synergy to hydrolyze birchwood
xylan. Surprisingly, the two putative oxidoreductases increased the enzymatic activities of the gene
products from the xylanolytic gene cluster in the presence of NADH and manganese ions. The two
oxidoreductases were therefore named Hemicellulase-Enhancing Oxidoreductases (HEOs). All seven
enzymes were thermophilic and acted in synergy to degrade xylans at 60 ◦C. Except for TbXyn10A,
the other enzymes encoded by the gene cluster were conserved with high amino acid identities
(85–100%) in three other Thermoanaerobacterium species. The conservation of the gene cluster is,
therefore, suggestive of an important role of these enzymes in xylan degradation by these bacteria.
The mechanism for enhancement of hemicellulose degradation by the HEOs is under investigation.
It is anticipated, however, that the discovery of these new actors in hemicellulose deconstruction will
have a significant impact on plant cell wall deconstruction in the biofuel industry.

Keywords: hemicellulase-enhancing oxidoreductase; Thermoanaerobacterium bryantii; hemicellulase
gene cluster; biofuel; thermostability; xylan

1. Introduction

Hemicellulose represents the second most abundant component in plant biomass.
Efficient degradation of hemicellulose is critical for economical utilization of the plant
cell wall polysaccharides in biofuel production. A major component of hemicellulose
is heterogeneous xylan, which contains linear xylose-configured backbones decorated
with arabinofuranosyl, glucuronyl, feruloyl, and acetyl group side chains. Therefore, the
complete degradation of heterogeneous xylan into simple sugars requires the synergistic
action of a set of hemicellulases [1]. In a coordinated process, endo-1,4-β-xylanases (EC
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3.2.1.8) hydrolyze the xylan backbone into xylooligosaccharides, β-xylosidases (EC 3.2.1.37)
cleave the xylooligosaccharides into xylose, and the accessory hemicellulases such as α-
glucuronidases (EC 3.2.1.139), α-L-arabinofuranosidases (EC 3.2.1.55), and acetyl xylan
esterases (EC 3.1.1.72) catalyze the removal of the side chains.

Thermoanaerobacterium bryantii strain mel9T is a thermophilic bacterium isolated from
a waste pile of a corn-canning factory. The bacterium exhibits a maximum growth temper-
ature of 69 ◦C. Degradation of hemicellulose by thermostable enzymes provides several
industrial advantages, including accelerated reaction rate, solubility, better enzyme accessi-
bility to the substrate, resistance to denaturing solvents, and higher robustness under harsh
conditions [2]. T. bryantii is able to utilize a wide range of carbohydrates, including xylan.
The genome of T. bryantii mel9T has been partially sequenced (Cann et al., unpublished
data). Via a homology search, five hemicellulase genes in a gene cluster in the T. bryantii
mel9T genome were identified. The genes encoded five putative hemicellulases, including
an endo-xylanase, two β-xylosidases, one α-glucuronidase, and one acetyl xylan esterase.
Therefore, the products of the gene cluster were predicted to be involved in hemicellulose
degradation. The gene products were therefore characterized for their biochemical proper-
ties with an emphasis on xylan degradation. Interestingly, two genes encoding putative
oxidoreductases with unknown functions were also identified in this gene cluster. Different
from the putative hemicellulases, the function of the putative oxidoreductases could not
be predicted, and therefore their role in hemicellulose degradation was unclear. Several
enzymes, such as members of the previously classified glycoside hydrolase (GH) 61 family,
which employ an oxidative hydrolysis mechanism, have been shown to be involved in
the degradation of the major plant polysaccharide cellulose [3–7]. Therefore, an oxidation
reaction can be critical in plant cell wall polysaccharide deconstruction. In this paper,
we biochemically characterized the five hemicellulases. Importantly, we expressed and
purified the two associated oxidoreductases to determine their effect on the hydrolytic
activity of the T. bryantii hemicellulose-degrading enzymes.

2. Results

2.1. Isolation and Characterization of the T. bryantii mel9T Strain

From a waste pile of a canning factory in Hoopeston, IL, USA, we isolated a ther-
mophilic bacterium mel9T. The cells of the isolated strain mel9T were straight rods and
occurred singly or in pairs. Motility was by peritrichously arranged flagella (Figure 1).
Strain mel9T cells were stained Gram-negative. However, thin sections showed a Gram-
positive ultrastructure. The cells grew at pH 5.0–8.0, with the growth optimum at pH 6.8–7.0.
The optimum temperature for growth was 62–65 ◦C, at pH 6.8, and the upper and lower
temperature limits of growth were 69 and 45 ◦C, respectively (Supplemental Table S1).
The end products of glucose fermentation were acetate, butyrate, ethanol, butanol, CO2,
and H2. Strain mel9T did not reduce thiosulfate to sulfide. Furthermore, the bacterium
reduced neither sulfate nor sulfite. Phylogenetic analysis based on the 16S rRNA gene
sequence indicated that strain mel9T clusters within the low G + C phylum and is closely
related to Thermoanaerobacterium thermosaccharolyticum (Figure 2). However, the DNA–DNA
hybridization for the two strains was only 65.7%. A DNA–DNA hybridization value less
than or equal to 70% is considered as an indication that an organism belongs to a different
species than the strain used as a reference, i.e., Themoanaerobacterium thermosaccharolyticum
in the present study [8,9]. On the basis of phylogenetic and physiological differences, we
propose that strain mel9T be classified as a new Thermoanaerobacterium species, for which the
name Thermoanaerobacterium bryantii is suggested, in honor of the anaerobic microbiologist
Marvin P. Bryant. The GenBank accession number for the 16S rRNA gene sequence of strain
mel9T is AY140670, and the bacterium has been deposited at the American Type Culture
Collection (ATCC) and at the German Collection of Microorganisms and Cell Cultures
(DSMZ) with the reference numbers BAA-415 and DSM 14765, respectively.
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Figure 1. Transmission electron micrograph of a negatively stained cell of T. bryantii strain mel9T 

grown on minimal medium containing 0.5% glucose at 65 °C. Bar markers indicate size (1 μm). 

 

Figure 2. A phylogenetic tree showing the position of T. bryantii within the radiation of the genus 

Thermoanaerobacterium and related taxa. The dendrogram was constructed by the neighbor-joining 

method and rooted with Caldicellulosiruptor saccharolyticus. Numbers given at the nodes represent 

bootstrap values and indicate the percent probability for the respective branches of the tree. The bar 

equals 1 base substitution per 100 nucleotide positions. The GenBank accession numbers are shown 

in parentheses. 

2.2. Sequencing the Genome of T. bryantii mel9T 

The genome of T. bryantii mel9T was partially sequenced by shotgun pyrosequencing 

and paired-end (8 kb library) pyrosequencing. The assembled genome was composed of 

2,611,203 bp aligned in 7 scaffolds consisting of 71 contigs with an average G-C content of 

33.1% (unpublished data). The estimated coverage was 81X, and the number of coding 

sequences was 2983. Analysis of hemicellulase-encoding genes was performed to deter-

mine the enzymes employed by T. bryantii to degrade this complex polysaccharide. 
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A hemicellulase gene cluster encoding seven putative enzymes was identified in the 
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ignated TbAgu67A), two oxidoreductases (ORF886 and ORF885, designated TbHEOA 

and TbHEOB, respectively), one GH52 β-xylosidase (ORF884, designated TbXyl52A), a 

GH39 β-xylosidase (ORF882, designated TbXyl39A), and an acetyl xylan esterase (ORF881, 

designated TbAxe1A). The amino acid sequences of the seven proteins were analyzed us-
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Figure 2. A phylogenetic tree showing the position of T. bryantii within the radiation of the genus
Thermoanaerobacterium and related taxa. The dendrogram was constructed by the neighbor-joining
method and rooted with Caldicellulosiruptor saccharolyticus. Numbers given at the nodes represent
bootstrap values and indicate the percent probability for the respective branches of the tree. The bar
equals 1 base substitution per 100 nucleotide positions. The GenBank accession numbers are shown
in parentheses.

2.2. Sequencing the Genome of T. bryantii mel9T

The genome of T. bryantii mel9T was partially sequenced by shotgun pyrosequencing
and paired-end (8 kb library) pyrosequencing. The assembled genome was composed of
2,611,203 bp aligned in 7 scaffolds consisting of 71 contigs with an average G-C content
of 33.1% (unpublished data). The estimated coverage was 81X, and the number of coding
sequences was 2983. Analysis of hemicellulase-encoding genes was performed to determine
the enzymes employed by T. bryantii to degrade this complex polysaccharide.

2.3. Gene Cloning, Expression, and Protein Purification

A hemicellulase gene cluster encoding seven putative enzymes was identified in
the genome of T. bryantii mel9T (Figure 3A). The seven genes were predicted to encode
the following enzymatic activities: endo-1,4-β-xylanase (ORF888, designated TbXyn10A)
from glycoside hydrolase (GH) family 10 (GH10), a GH67 α-glucuronidase (ORF887, des-
ignated TbAgu67A), two oxidoreductases (ORF886 and ORF885, designated TbHEOA
and TbHEOB, respectively), one GH52 β-xylosidase (ORF884, designated TbXyl52A), a
GH39 β-xylosidase (ORF882, designated TbXyl39A), and an acetyl xylan esterase (ORF881,
designated TbAxe1A). The amino acid sequences of the seven proteins were analyzed
using the PfamScan server (https://www.ebi.ac.uk/Tools/pfa/pfamscan/, last accessed

https://www.ebi.ac.uk/Tools/pfa/pfamscan/
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on 30 January 2022) [10] and the domain architectures are shown in Figure 3B. The two
oxidoreductases were predicted to have two tightly packed domains, including a classic
N-terminal Rossmanm-fold NAD binding domain and a C-terminal GFO-IDH-MocA do-
main. The latter domain is responsible for specific binding to a particular substrate [11–13].
All of the other five putative hemicellulases only have a single domain (Figure 3B). The
seven enzymes were successfully expressed in E. coli and purified to near homogeneity. The
apparent molecular masses of the purified recombinant proteins corresponded well with
the calculated values (Figure 3C). Interestingly, a similar hemicellulase gene cluster was
also identified in the genomes of three members of the genus Thermoanaerobacterium. These
bacteria are T. xylanolyticum, T. thermosaccharolyticum, and T. saccharolyticum. In contrast,
the gene cluster was absent in the genomes of T. italicus, T. mathranii, and other known
Thermoanaerobacterium species (Figure 3A). The amino acid sequences of the T. bryantii
genes were aligned with those of the T. xylanolyticum, T. thermosaccharolyticum, and T.
saccharolyticum, and the percent identities of the proteins are presented in Supplemental
Table S2.
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Figure 3. The Thermoanaerobacterium bryantii hemicellulase gene cluster. (A) The arrangement of genes
in the T. bryantii hemicellulase gene cluster is similar but not identical to those of T. xylanolyticum,
T. thermosaccharolyticum, and T. saccharolyticum. (B) Schematic representation of the modular architecture
of the putative enzymes encoded by the T. bryantii hemicellulase gene cluster.
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GH10: glycoside hydrolase family 10 module; GH67: glycoside hydrolase family 67 module;
NADB_Rossmann: Oxidoreductase family, NAD(P)-binding Rossmann fold, which is also desig-
nated GFO-IDH-MocA in the Pfam database; GFO-IDH-MocA C: Oxidoreductase family, C-terminal
alpha/beta domain (GFO is a glucose-fructose oxidoreductase, IDH is an inositol dehydrogenase,
and MocA is a rhizopine catabolism protein); GH52: glycoside hydrolase family 52 module; GH39:
glycoside hydrolase family 39 module; AXE1: Acetyl xylan esterase. (C) SDS-PAGE analysis of the
seven enzymes encoded by the T. bryantii hemicellulase gene cluster. Two µg of each enzyme was
resolved on a 12% SDS polyacrylamide gel.

2.4. Kinetic Parameters of TbXyn10A, TbXyl39A, TbXyl52A, and TbAxe1A

Several xylan substrates with varying complexities from different plant sources, in-
cluding soluble wheat arabinoxylan (WAX), birchwood xylan (BWX), oat spelt xylan (OSX),
beechwood xylan (BeeWX), and larchwood xylan (LWX), were used as substrates to es-
timate the kinetic parameters of the endoxylanase TbXyn10A. Thus, the soluble wheat
arabinoxylan or WAX used in the present report is composed mostly of xylose chains in
β-1,4 glycosidic linkages with arabinose side chains. In addition to these linkages, oat spelt
xylan and birchwood xylan are reported to also contain uronic acid at 1.8% and 10.3%,
respectively [14,15], while the WAX used in the present studies is likely to be devoid of
uronic acids. Furthermore, xylans that are derived from hardwoods, such as birchwood
xylan, are O-acetyl-(4-O-methylglucurono) xylans and contain one α-(1→2)-linked 4-O-
methylglucuronic acid substituted every 10 to 20 xylose residues [16,17]. These differences
thus indicate that different combinations of xylan-targeting enzymes will be required to
function synergistically to degrade the different xylans used in the present study. The
TbXyn10A exhibited the highest turnover number (kcat) of 853 s−1 and a catalytic efficiency
(kcat/Km) of 184 mL mg−1 s−1 on WAX, a substrate that is less complex in its composition
compared to OSX and BWX [18]. The turnover numbers on the LWX, OSX, BeeWX, and
BWX were 165, 131, 88, and 36 s−1, respectively. Due to a lower Km for BWX and BeeWX,
they exhibited catalytic efficiencies (kcat/Km) of 20 and 55 mL mg−1 s−1, respectively. The
higher Km values of OSX and LWX led to catalytic efficiencies of 17.7 and 23 mL mg−1 s−1

for the two xylans (Table 1).

Table 1. Kinetics parameters of TbXyn10A, TbXyl52A, TbXyl39A, and TbAxe1 a.

Enzyme Substrate b kcat (s−1) Km (mg/mL) kcat/Km (mL mg−1 s−1)

TbXyn10A

WAX 853 ± 84 4.6 ± 1.2 184 ± 52
OSX 131 ± 9.4 7.4 ± 1.3 17.7 ± 3.4
BWX 36.0 ± 0.9 1.8 ± 0.2 20.2 ± 2.1

BeeWX 87.8 ± 3.5 1.6 ± 0.3 55.2 ± 9.0
LWX 165 ± 9.2 7.1 ± 1.2 23.2 ± 4.0

TbXyl39A pNP-β-D-
xylopyanoside 20.4 ± 0.7 0.5 ± 0.1 44.7 ± 7.2

TbXyl52A pNP-β-D-
xylopyanoside 97.0 ± 2.5 0.2 ± 0.0 443 ± 56

TbAxe1A pNP-acetate 40.8 ± 2.2 0.2 ± 0.1 171 ± 46
a: The reactions were carried out at 65 ◦C except for TbXyl52A and TbAxe1A, which were performed at 60 and
70 ◦C, respectively. b: OSX: oat-spelt xylan; LWX: larchwood xylan; BWX: birchwood xylan; BeeWX: beechwood
xylan; WAX: soluble wheat arabinoxylan.

The kinetic parameters of TbXyl39A, TbXyl52A, and TbAxe1A on pNP-linked sub-
strates were also determined. The substrate for the two xylosidases, i.e., TbXyl39A
and TbXyl52A, was pNP-β-D-xylopyranoside, and the substrate for TbAxe1A was pNP-
acetate. TbXyl52A showed a higher catalytic efficiency (443 mL mg−1 s−1) than TbXyl39A
(44 mL mg−1 s−1) (Table 1). TbAxe1A exhibited a kcat/Km of 171 mL mg−1 s−1 on pNP-
acetate (Table 1).
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2.5. Hydrolytic Pattern of TbXyl39A and TbXyl52A on Xylo-Oligosaccharides

TbXyl39A and TbXyl52A at a final concentration of 1 µM were incubated with xy-
lose (X1) and xylo-oligosaccharides (X2–X6) for 20 h. Both enzymes converted xylo-
oligosaccharides to xylose, based on thin-layer chromatography. The results confirmed
TbXyl39A and TbXyl52A as β-xylosidases (Figure 4A). Interestingly, incubation of TbXyl39A
or TbXyl52A at a lower concentration (0.1 µM) with xylotriose (X3) or xylohexaose (X6)
in a time course analysis led to detection of transglycosylation activities in the two en-
zymes. When each of the two β-xylosidases were incubated with X3 at different time
points, in addition to releasing xylose and xylobiose, larger chains, i.e., X4 to X6, were
made due to the transglycosylation activity of each of the β-xylosidases (Figure 4B). The
T. bryantii TbXyl39A appeared to have a higher transglycosylase activity than TbXyl52A
(Figure 4B). In the time course analysis, TbXyl52A almost completely converted X3 and
X6 to xylose after a 20 min reaction. Thus, TbXyn52A showed higher hydrolytic activity
than TbXyl39A, since the latter enzyme could not completely convert X3 and X6 to xylose
even after hydrolysis for 960 min (Figure 4B,C). When different concentrations (0, 5, 10,
20, 40, 60, 100 nM) of TbXyl39A or TbXyl52A were incubated with xylotriose for a short
time (2 min), TbXyl39A exhibited comparable xylosidase and transglycosylase activities,
and failed to produce xylose as an end product. On the other hand, TbXyl52A exhibited a
higher β-xylosidase activity than transglycosylase activity at all concentrations, and con-
verted almost all of the xylotriose present in the reaction mixture to xylose when 100 nM of
enzyme was used (Figure 4D). Interestingly, when TbXyl39A was incubated with xylotriose
at different temperatures (4–80 ◦C) for 5 min, both its hydrolysis and transglycosylation
activity remained nearly constant at these temperatures, except for 4 ◦C (Figure 4E). On
the contrary, TbXyl52A behaved like a typical thermophilic enzyme, since its hydrolyzing
activity was highest at 60 ◦C but decreased when the temperatures were either lower or
higher than 60 ◦C (Figure 4E).

2.6. Synergistic Hydrolysis of Aldouronic Acid Mixture by TbAgu67A and the Two β-Xylosidases

Aldouronic acids were prepared by the manufacturer (Megazyme) by acid hydrolysis
of glucurono-xylan, followed by chromatographic separation of the oligomers. The al-
douronic acids are, therefore, different sized xylo-oligosaccharides with methyl-glucuronic
acid side chains, and will require both α-glucuronidase (TbAgu67A) and β-xylosidase
activities for complete hydrolysis. TbAgu67A incubated alone released xylose and xylo-
oligosaccharides (X2–X4) from the aldouronic acid mixture (Figure 5). Either TbXyl39A
(Figure 5A) or TbXyl52A (Figure 5B) incubated alone with substrate released xylose from
the aldouronic acid mixture. When TbXyl52A and TbAgu67A were incubated together
with the aldouronic acid mixture, a large amount of xylose was released (Figure 5B). Little
to no xylo-oligosaccharides were detected in the reaction containing the Agu67A and the
β-xylosidase. A dominant peak at 14.4 min, which represented a component of the un-
hydrolyzed aldouronic acid mixture, almost disappeared in the reaction with TbAgu67A.
Similarly, when TbXyl39A and TbAgu67A were incubated together with the aldouronic
acid mixture, a larger amount of xylose was released than during the reaction with either
TbAgu67A or TbXyl39A alone. The peak at 14.4 min almost disappeared. However, when
an even higher concentration (400 nM) of TbXyl39A was used than that of TbXyl52A
(100 nM), a small xylobiose peak was still detected, indicating that the cleavage of xylobiose
was incomplete and TbXyl39A showed a lower hydrolytic capacity than TbXyl52A. These
results demonstrated that both TbXyl39A and TbXyl52A exhibited synergistic effects with
TbAgu67A in hydrolyzing the aldouronic acid mixture.
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Figure 4. TbXyl39A and TbXyl52A behave differently during hydrolysis of xylo-oligosaccharides.
(A) Reaction of xylose and xylo-oligosaccharides with TbXyl39A and TbXyl52A. The reactions
were carried out by incubating 1 µM of TbXyl39A or TbXyl52A with 1 mg/mL of xylose or xylo-
oligosaccharides (X2–X6) at 60 ◦C in a citrate buffer for 20 h. (B) Hydrolysis of xylotriose by TbXyl39A
or TbXyl52A. One mg/mL of xylotriose was incubated with 100 nM of TbXyl39A or TbXyl52A at
60 ◦C in a citrate buffer. At different time intervals (0, 0.5, 2, 5, 20 min, 1, 2, 4, and 16 h), 30 µL
samples were taken out and immediately heated at 100 ◦C to inactive the enzymes. (C) Hydrolysis of
xylohexaose by TbXyl39A or TbXyl52A. The experiments were carried out as described for xylotriose
hydrolysis, except with xylohexaose replacing xylotriose. (D) Hydrolysis of xylotriose by TbXyl39A
or TbXyl52A with increasing enzyme concentrations. One mg/mL of xylotriose was incubated with
0, 5, 10, 20, 40, 60, or 100 nM of TbXyl39A (or TbXyl52A) at 60 ◦C in a citrate buffer for 2 min.
(E) Hydrolysis of xylotriose by TbXyl39A or TbXyl52A at different temperatures. One mg/mL of
xylotriose was incubated with 100 nM of TbXyl39A (or TbXyl52A) at 4, 22, 30, 40, 50, 60, 70, or 80 ◦C
in a citrate buffer for 5 min, respectively. All reaction products were dried and dissolved in 4 µL
of H2O. One µL of the end products was analyzed by thin-layer chromatography. Xylose (X1) and
xylo-oligosaccharides (X2–X6) were used as standards.
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Figure 5. Synergistic effects between TbAgu67A and each of the two β-xylosidases (TbXyl39A
and TbXyl52A) in hydrolysis of aldouronic acids. (A,B) HPAEC-PAD analysis of aldouronic acids
incubated with TbAgu67A alone or with TbXyl39A (A) or TbXyl52A (B). 400 nM of TbXyl39A
(or 100 nM of TbXyl52A) and 200 nM of TbAgu67A were incubated individually or together with
1 mg/mL of aldouronic acids in a total volume of 30 µL, at 60 ◦C in the citrate buffer (pH 5.5) for
1 h. The end products of hydrolysis were diluted (400-fold) and centrifuged before analysis by
HPAEC-PAD. Xylose (X1) and xylo-oligosaccharides (X2–X6) were used as standards.

2.7. The Two Oxidoreductases Improve Hydrolysis of Xylans by the T. bryantii Hemicellulases

TbXyn10A was the only enzyme that released significant reducing ends when the
T. bryantii hemicellulases were individually incubated with BWX (Supplemental Figure S1A).
TbXyn10A released xylobiose, xylotriose, and xylotetraose, as analyzed by the TLC (Supple-
mental Figure S1B). As mentioned above, the two xylosidases (TbXyl39A and TbXyl52A) ex-
hibited a hydrolytic activity only by degrading xylo-oligosaccharides into xylose when the
enzyme concentrations were high (Figure 4D) and the reaction times were long (Figure 4B,C).
Therefore, TbXyl39A and TbXyl52A were expected to act in synergy with TbXyn10A to
hydrolyze xylans. Indeed, the addition of TbXyl39A and TbXyl52A increased the released
reducing sugars to 2.0 ± 0.2 mM, compared to 1.2 ± 0.1 mM by TbXyn10A alone dur-
ing hydrolysis of BWX (Figure 6Ai). The addition of Tbgu67A led to a slight increase in
the reducing sugars released from the xylanolytic enzymes (TbXyn10A, TbXy139, and
TbXy152). However, the addition of TbAxe1A did not result in any significant increase in
the amount of reducing sugars released. Neither of the two oxidoreductases alone showed
any detectable hydrolysis of BWX in the reducing sugar assay (Supplemental Figure S1).
The oxidoreductases also showed an inability to hydrolyze xylo-oligosaccharides (X2–X6)
(data not shown). However, the addition of the two oxidoreductases to the mixture of
TbXyn10A, TbXyl39A, and TbXyl52A improved hydrolysis of BWX. The reaction mixture
with the five proteins released 5.7 mM reducing ends, which was three-fold of that pro-
duced by the three enzymes (Figure 6A). Therefore, the two oxidoreductases were named
Hemicellulase-Enhancing Oxidoreductases (HEOs).

We postulated that adding metal ions and/or redox cofactors will increase the hydroly-
sis of the hemicelluloses by the enzymes to even higher levels, since several oxidoreductases
were reported to require divalent metal ions and redox-active cofactors for maximal en-
hancement of biomass deconstruction [3–7,19,20]. Therefore, three different divalent metal
ions (Mn2+, Mg2+, or Zn2+) were individually added to the five-enzyme mixture (i.e.,
TbXyn10A, TbXyl39A, TbXyl52A, TbHEOA, and TbHEOB) to evaluate their effects on BWX
depolymerization. Only Mn2+ enhanced the hydrolysis of BWX by the five enzymes (5Es)
in the reducing sugar assay (Figure 6Bi), and its addition slightly increased the amount of
xylose released by the 5Es in the TLC analysis (Figure 6Bii).
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Figure 6. Effect of different divalent metal ions and redox-active cofactors on the hemicellulase-
enhancing activities of two oxidoreductase-like polypeptides, TbHEOA and TbHEOB, during hy-
drolysis of BWX by hemicellulases (TbXyn10A, TbXyl39A, TbXyl52A, TbAgu67A, and TbAxe1A).
(A) Analysis of the effect of different divalent metal ions on hydrolysis of BWX by 5Es (TbXyn10A,
TbXyl39A, TbXyl52A, TbHEOA, and TbHEOB). Five mg/mL of BWX was incubated with the five-
enzyme mixture (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM TbXyl52A, 50 nM TbHEOA, and 50 nM
TbHEOB) at 60 ◦C in a citrate buffer (pH 5.5) for 16 h, in the absence or presence of different metal
ions (1.0 mM Mn2+, 1.0 mM Mg2+, or 1.0 mM Zn2+, respectively). (B) Analysis of the effect of different
redox-active cofactors on hydrolysis of BWX by 5Es. The experiment was carried out by incubat-
ing 5 mg/mL of BWX with the five enzymes mixture (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM
TbXyl52A, 100 nM TbHEOA, and 100 nM TbHEOB) at 60 ◦C in a citrate buffer (pH 5.5) with 1 mM
Mn2+ for 16 h in the absence or presence of different cofactors (1 mM NADH, 1 mM Ascorbic acid, and
0.5 mM Re-glu, respectively). (C) Analysis of the effect of Mn2+ and NADH on hydrolysis of BWX by
different combinations of the seven enzymes (TbXyn10A, TbXyl39A, TbXyl52A, TbHEOA, TbHEOB,
TbAgu67A, and TbAxe1A) encoded in the T. bryantii hemicellulase gene cluster. Five mg/mL of
BWX was incubated with different combinations of the seven enzymes (10 nM TbXyn10A, 10 nM
TbXyl39A, 5 nM TbXyl52A, 100 nM TbAgu67A, 100 nM TbAxe1A, 100 nM TbHEOA, and 100 nM
TbHEOB) at 60 ◦C in a citrate buffer (pH 5.5) for 16 h, in the presence or absence of 1 mM of NADH
and 1 mM of MnSO4. The end products of hydrolysis were analyzed through the reducing sugar
assay (i) and TLC (ii). 5Es is defined as the five-enzyme mixture (TbXyn10A, TbXyl39A, TbXyl52A,
TbHEOA, and TbHEOB). Other abbreviations were, X1: xylose; X2: xylobiose; X3: xylotriose; X4:
xylotetraose; X5: xylopentaose; X6: xylohexaose; Re-glu: reduced glutathione.
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Both TbHEOA and TbHEOB were predicted to have a NAD-binding domain. Since
redox-active cofactors were suggested to play an important role in the oxidoreductase
activity in some reports [7,19,20], three reductants (NADH, ascorbic acid, and reduced
glutathione (Re-glu) were tested for their capacity to enhance the activities of TbHEOA and
TbHEOB. In the presence of Mn2+, either NADH or Re-glu, but not ascorbic acid, could
increase the hydrolytic activity of the five enzymes on BWX in the reducing sugar assay
(Figure 6Ci). A TLC analysis clearly showed that much less xylobiose and xylotriose were
produced when NADH and Re-glu were included in the reaction than in the absence of the
cofactors (Figure 6Cii). The addition of ascorbic acid decreased the hydrolytic activity of
the five enzymes on BWX (Figure 6Ci). Furthermore, the TLC analysis demonstrated that
xylose release was less in the presence of ascorbic acid than in the reaction without cofactors
(Figure 6Ci). In the absence of Mn2+, Re-glu alone could not increase the hydrolyzing
efficiency of the five enzymes (Supplemental Figure S2). In the presence of Mn2+ and
NADH, the addition of Re-glu did not result in a further improvement (Supplemental
Figure S2). It should be noted that in the absence of TbHEOA and TbHEOB, Mn2+ and
NADH did not show any obvious improvements on the hydrolytic activity of the three
enzymes on BWX (data not shown). Therefore, Mn2+ and NADH acted as cofactors
of TbHEOA and TbHEOB, but not of the three enzymes (TbXyn10A, TbXyl39A, and
TbXyl52A). The addition of Mn2+ and NADH to the five enzymes released more reducing
ends (10.0 ± 0.3 mM) than incubation with only the five enzymes alone (5.7 ± 0.3 mM)
(Figure 6Ci). Therefore, in the presence of the co-factors, the xylanolytic activity of the
five-enzyme mixture was almost doubled.

The enhancing role of the cofactors in enzymatic activity was not limited to the com-
bination of the five-enzyme mixture (5Es). The addition of Mn2+ and NADH could also
improve the hydrolyzing efficiency of a six-enzyme mixture (6Es, including TbXyn10A,
TbXyl39A, TbXyl52A, TbHEOA, TbHEOB, and TbAgu67A) and a seven-enzyme mix-
ture (7Es, including TbXyn10A, TbXyl39A, TbXyl52A, TbHEOA, TbHEOB, TbAgu67A,
and TbAxe1A) on BWX by increasing the release of reducing ends, from 6.5 ± 0.4 to
11.5 ± 0.2 mM (for 6Es) and from 6.8 ± 0.2 to 11.7 ± 0.3 mM (for 7Es), respectively
(Figure 6Ai). The TLC analysis clearly showed that much less xylobiose and xylotriose
were produced when NADH and Mn2+ were added to the reaction of 6Es or 7Es than that
when no cofactor was added, as was also observed for the 5Es experiments (Figure 6Aii).

2.8. Hydrolysis of Xylan by the Seven Enzymes Encoded by the Hemicellulase Gene Cluster

Xylans may be different in their composition and complexity depending on their plant
source. Therefore, five xylans (WAX, BWX, OSX, BeeWX, and LWX) [15,18,21,22], as well
as a more complex plant substrate, Miscanthus, with intact cellulose, hemicellulose, and
lignin [23,24], were tested for synergistic activities of the seven T. bryantii enzymes. The
results in Figure 7 demonstrate that synergistic effects existed in the hydrolysis of xylans
by the 7Es. However, the degrees of synergy were different, most likely due to the composi-
tion/structure of the xylan substrates. TbXyn10A released moderate amounts of reducing
sugars from all xylans tested (Lane 1 in Figure 7), and xylo-oligosaccharides (X1, X2, and
X3) were the end products (Supplemental Table S3). The addition of the two β-xylosidases
(TbXyl39A and TbXyl52A) and the two HEOs (TbHEOA and TbHEOB) improved the decon-
struction of BWX, BeeWX, OSX, LWX, and Miscanthus, releasing increasingly reducing ends
when they were added successively (Lane 2–Lane 7 in Figure 7A–D,F), with larger amounts
of xylose as their end products (Supplemental Table S3). WAX has the simplest composition
in the xylans tested, and the increase in the release of reducing ends from this substrate
was the lowest among all xylans tested (Lane 2–Lane 7 in Figure 7E). Indeed, the released
end products (mainly X1 and X2) only increased slightly by successive addition of the four
enzymes to TbXyn10A in the hydrolysis of WAX (Supplemental Table S3). TbAgu67A and
TbAxe1 greatly changed the hydrolysis of complex xylan substrates by the 5Es (TbXyn10A,
TbXyl39A, TbXyl52A, TbHEOA, and TbHEOB). On BWX, either TbAgu67A or TbAxe1A,
or their combination, could enhance the hydrolytic efficiency of the 5Es, releasing more
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reducing ends (Lane 8–Lane 10 in Figure 7B). On OSX, the addition of TbAgu67A, TbAxe1A,
or their combination, slightly increased the hydrolytic activity of the 5Es compared to that
of the 5Es without these accessary enzymes (Lane 8–Lane 10 in Figure 7C). On BeeWX
and LWX, TbAgu67A increased the release of reducing ends when it was added to the
5Es (Lane 8 in Figure 7A,D). However, the addition of TbAxe1 did not improve the hy-
drolysis of either BeeWX or LWX (Lane 9 and Lane 10 in Figure 7A,D). On WAX and
Miscanthus, the addition of each of the two β-xylosidases (TbXy139A and TbXy152A)
led to an increase in the reducing sugars released (Lane 2–Lane 3 Figure 7E,F). However,
neither TbAgu67A nor TbAxe1 could notably improve the hydrolysis (Lane 8–Lane 10 in
Figure 7E,F) in the reducing sugars assay. Except for WAX, the HPLC quantification of
the end products, in general, showed a clearer improvement of end-product release upon
addition of TbAgu67A or TbAxe1A individually or in combination in the hydrolysis of the
different xylans (Supplemental Table S3).
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Figure 7. The synergistic effect of the seven enzymes encoded in the T. bryantii hemicellulase gene
cluster during hydrolysis of heterogeneous xylans (A–E) and Miscanthus (F). The enzymatic reactions
were carried out at 60 ◦C in a pH 5.5 citrate buffer supplemented with 1.0 mM of NADH and
1.0 mM of Mn2+. Substrates (BeeWX, BWX, LWX, and OSX) at 5 mg/mL were incubated with
different combinations of the seven enzymes (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM TbXyl52A,
100 nM TbAgu67A, 100 nM TbAxe1A, 50 nM TbHEOA, and 50 nM TbHEOB) for 16 h. In the case of
WAX, a lower concentration of substrate (2.5 mg/mL) was incubated with a lower concentration of
enzymes (5 nM TbXyn10A, 5 nM TbXyl39A, 2.5 nM TbXyl52A, 50 nM TbAgu67A, 50 nM TbAxe1A,
25 nM TbHEOA, and 25 nM TbHEOB) for 16 h. Miscanthus was incubated at a higher substrate
loading (10 mg/mL of Miscanthus) with higher concentrations of enzymes (1 µM TbXyn10A, 0.5 µM
TbXyl39A, 0.5 µM TbXyl52A, 2 µM TbHEOA, 2 µM TbHEOB, 2 µM TbAgu67A, and 2 µM TbAxe1A)
for a longer period of 21 h. The released reducing sugars were determined using the pHBAH method.
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3. Discussion

T. bryantii was isolated for its potential utility in the production of thermostable
α-galactosidase, an enzyme for application in the food industry. The genus Thermoanaer-
obacterium is, however, known to be endowed with plant cell wall-degrading enzymes
that can be harnessed for enzymatic release of fermentable sugars from plant cell wall
polysaccharides, such as cellulose and hemicellulose. Enzymatic deconstruction of plant
cell wall polysaccharides is a critical step in the production of second-generation biofuels
from biomass. For this reason, the genome of T. bryantii was partially sequenced to search
the genome for plant cell wall-degrading enzymes. In this study, seven enzymes encoded
in a T. bryantii putative hemicellulase gene cluster were expressed, and the proteins were
purified and biochemically characterized. All enzymes were thermophilic and exhibited
optimal temperatures in a range of 60 to 70 ◦C. The amino acid sequence of TbXyn10A was
used in searching the NCBI GenBank non-redundant protein database. Interestingly, most
of the TbXyn10A homologs with an amino acid sequence identity above 47% to TbXyn10A
also lacked the predictable N-terminal signal peptide. Therefore, the data suggest that
these proteins are intracellularly located [25–30]; however, it is unlikely that, at least, the
endoxylanase TbXyn10A will be intracellularly located, since it will be required to de-
grade the complex polysaccharide extracellularly for transport of the products into the
cell. The XynA of Caldicellulosiruptor saccharolyticus exhibited the highest identity (61%)
to TbXyn10A [31], and this enzyme was reported as having an atypical signal peptide
that contained charged and polar amino acids [32]. For such xylanases without a proto-
typical signal peptide, it has been suggested that they constitute a new type of xylanases
with specific enzymatic activities in the degradation of xylan [33]. Thus, TbXyn10A and
its homologs may be intracellular enzymes or cell surface enzymes that hydrolyze short
xylo-oligosaccharides. Nevertheless, these enzymes may also be extracellular enzymes
exported via a non-canonical secretion pathway [33,34]. In spite of the uncertainty in its
location after expression, TbXyn10A functioned as the main endoxylanase in the T. bryantii
hemicellulase xylanolytic gene cluster. The enzyme depolymerized the xylan backbone in
simple and complex xylans into xylo-oligosaccharides and their derivatives (Supplemental
Figure S1 and Table S3).

Endoxylanases hydrolyze the xylan backbone into xylo-oligosaccharides, which are
then further converted by β-xylosidases into xylose. Two β-xylosidases (TbXyl39A and
TbXyl52A) are encoded in the T. bryantii hemicellulase gene cluster. The two enzymes were
different from each other in their biochemical characteristics, and therefore they can be
considered functionally non-redundant, as observed in our earlier report [35]. TbXyl52A
had a much higher catalytic efficiency (kcat/Km) on pNP-β-D-xylopyranoside (~10-fold)
than TbXyl39A (Table 1). While the hydrolytic activity of TbXyl52A was sensitive to
temperature, the enzymatic activity of TbXyl39A on the same substrate was not discernibly
affected over a wide range of temperature. In addition, TbXyl52A appeared to hydrolyze
xylo-oligosaccharide more efficiently than TbXyl39A, in agreement with their estimated
catalytic efficiencies on the artificial substrate, pNP-β-D-xylopyranoside. When the enzyme
concentrations were low, both TbXyl39A and TbXyl52A had transglycosylase activities
in the initial stage of xylo-oligosaccharide hydrolysis. Members in both the GH39 and
GH52 family display a retaining reaction mechanism [36,37], which involves the formation
of a glycosyl–enzyme intermediate. This intermediate can be decomposed either by the
action of a nucleophilic water molecule leading to hydrolysis, or an attack by some other
suitable nucleophile leading to transglycosylation [38]. This mechanism likely explains
the hydrolysis and transglycosylase activities possessed by TbXyl39A and TbXyl52A. In
contrast, when the enzyme concentrations were raised and the incubation times were
extended, only xylose or short oligosaccharides were identified in the end products of the
reaction, especially for TbXyl52A. These analyses are critical for the application of these
enzymes in industrial processes. High loading or optimization of enzymes will be required
in these processes to prevent transglycosylation, an undesirable reaction in plant cell wall
hydrolysis for fermentation. Considering that enzyme loading for the biofuel industry is
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often high, this may be important since the transglycosylation activity is not desirable in
the decomposition of hemicellulose into simple sugars.

Heterogeneous xylans are commonly substituted with acetyl, arabinofuranosyl, or 4-
O-methyl glucuronyl groups as side chains. Therefore, accessory hemicellulases that cleave
the side chains are required for complete degradation of xylan. The T. bryantii hemicellulase
gene cluster encodes two such accessory enzymes, i.e., TbAgu67A and TbAxe1A. The two
enzymes exhibited similar optimal pH and temperatures to TbXyn10A, TbXyl39A, and
TbXyl52A, which facilitates the reconstitution of a thermophilic hemicellulase mixture. As
expected, the addition of the two accessory enzymes vastly improved the hydrolysis of
xylan by the T. brayntii endoxylanase and β-xylosidases.

Each of the two HEOs (TbHEOA and TbHEOB) possesses an N-terminal Rossmanm
α/β-fold NAD-binding domain and a C-terminal GFO-IDH-MocA domain, and this fur-
ther confirms their identification as members of the oxidoreductase family. The N-terminal
NAD-binding domain is responsible for the binding of NAD(P)H/NAD(P)(+), and the
C-terminal GFO-IDH-MocA domain, consisting of several antiparallel β-strands, is respon-
sible for the binding of a specific substrate to catalyze a particular enzymatic reaction. The
members in the GFO/IDH/MocA family utilize NAD(H) or NADP(H) as the cofactor,
and have been shown to possess diverse functions [12,13,39–41]. The oxidoreductase from
Caulobacter crescentus CB15 that belongs to the GFO/IDH/MocA protein family has been
shown to convert D-xylose to both its oxidized (xylonate) and reduced form (xylitol) [42].
The classical oxidoreductase of GFO from Zymomonas mobilis is a glucose-fructose oxidore-
ductase, which oxidizes D-glucose to D-gluconolactone with NADP, and then reduces
D-fructose into D-sorbitol with NADPH, with a single site for four substrates, including
glucose, fructose, gluconolactone, and sorbitol [43]. All of the characterized members of
this family showed very low identities to TbHEOA and TbHEOB, and the two HEOs of
T. bryantii also shared very low amino acid sequence identity (15%). Only the motif of
Glu-Lys-Pro (EKP) in the Rossmann fold, which is supposed to have a pivotal role in the
function of the protein [11], is conserved in TbHEOA. In TbHEOB, a conservative change
has led to Asp-Lys-Pro (DKP) as the conserved motif (Supplemental Figure S4). Therefore,
TbHEOA and TbHEOB likely carry out similar oxidoreductive reactions utilizing NAD(H).
Experimentally, TbHEOA and TbHEOB did not have any discernible activity on xylan, xy-
lose, and xylo-oligosaccharides (X2–X6) in both the reducing sugar assay and TLC analysis.
In contrast, the addition of TbHEOA and TbHEOB significantly enhanced degradation of
the heterogeneous xylans by enzyme mixtures containing three or five hemicellulases in the
present report. The enhancing effect was more significant when a metal ion, Mn2+, and the
cofactor NADH were added to the reaction mixture. The mechanism by which TbHEOA
and TbHEOB enhanced hydrolysis of xylan by the T. bryantii hemicellulases is still under
investigation. However, there seemed to be some clues in our results. The presence of
either TbHEOA or TbHEOB or their combination generated two unidentified products,
which appeared as the spots between X3 and X4 and between X4 and X5 on the TLC
plate when BWX was hydrolyzed by the 3Es (Supplemental Figure S3B). These products
were significantly diminished when TbAgu67A was added to the reaction (Supplemen-
tal Figure S3A,B,F). Therefore, TbHEOA and TbHEOB might act on some intermediate
products in xylan hydrolysis.

The gene structure of the two tandemly arranged oxidoreductases (TbHEOA and
TbHEOB) from T. bryantii is conserved in other bacteria (Supplemental Table S4). Among
the two tandemly arranged oxidoreductases, homologs of TbHEOA all have the conserved
motif (EKP), whereas homologs of TbHEOB have ‘DKP’ and ‘DKA’ as the conserved motif
(Supplemental Figure S5). Many of the bacteria harboring homologs of the two HEOs
decompose xylan or other plant biomass [44–51]. For the rest of the bacteria, most are
of Enterobacter species (Supplemental Table S4). Some species of Enterobacter were also
reported to efficiently degrade plant cellulosic biomass [52–54]. Thus, we hypothesized
that homologs of the two HEOs play a pivotal role in the deconstruction of biomass by
these strains.
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In addition to TbHEOA and TbHEOB, there are several enzymes which are not canonical
glycoside hydrolases, but their presence could also dramatically increase the breakdown of
plant polysaccharides by glycoside hydrolases. Such proteins include CBP21 from Serratia
marcescens (previously classified as a CBM33 protein) [19], CelS2 from Streptomyces coelicolor
A3-(2) [20], which is composed of a CBM33 domain and a C-terminal CBM2 domain, and the
formerly well-known enigmatic fungal GH61 endoglucanases [3–7]. These proteins have
weak hydrolytic activity on recalcitrant polysaccharides, such as chitin and crystalline
cellulose. However, they can dramatically increase the efficiency of chitin or cellulose
hydrolysis by chitinase and cellulases, respectively, via an oxidative degradation process
in which a reducing-end aldonic acid group was generated [7,19,20]. These identified
facilitators of plant cell wall hydrolysis also need metal ions such as Mg2+, Zn2+, and
Cu2+, and redox-active agents for maximal activity. The GH61 proteins have already
been classified into a novel enzyme family known as Polysaccharide MonoOxygenases
(PMOs) [4]. Similarly, TbHEOA and TbHEOB could dramatically stimulate xylan hydrolysis
by hemicellulases, and Mn2+ and NADH seemed to be specifically required for the observed
effect of the two HEOs. The two HEOs described in the present study have low amino
acid sequence identities to that of GH61 or the CBM33 proteins. Therefore, whether the
two enzymes use a similar oxidative hydrolysis mechanism as that described for the GH61
or CBM33 enzymes is unknown. We look forward to experimental evidence that clearly
explains the mechanism by which these two enzymes enhance plant cell wall hydrolysis
by hemicellulases.

4. Materials and Methods
4.1. Materials

T. bryantii strain mel9T was isolated from the waste pile of a canning factory in Hoope-
ston, Illinois, USA. The strain was classified into the Thermoanaerobacterium genus based
on physiological, morphological, and phylogenetic studies (see below for details). The
Escherichia coli XL10-Gold strain (Stratagene, La Jolla, CA, USA) was used for gene cloning
and plasmid maintenance throughout the study, and the E. coli BL21-CodonPlus (DE3) RIPL
strain (Stratagene, La Jolla, CA, USA) was used for protein expression. The pET-46 Ek/LIC
vector (Novagen, San Diego, CA, USA) was used for gene cloning. The p-nitrophenyl
acetate (pNP-acetate) was from Acros Organics (Morris Plains, NJ, USA). Isopropyl β-D-
1-thiogalactopyranoside (IPTG) was purchased from Gold Biotechnology (St. Louis, MO,
USA). The aldouronic acid mixture, wheat arabinoxylan (WAX, medium viscosity), and
xylo-oligosaccharides were obtained from Megazyme (Wicklow, Ireland). The oat spelt
xylan (OSX), beechwood xylan (BeeWX), birchwood xylan (BWX), larchwood xylan (LWX),
p-nitrophenyl β-D-xylopyranoside (pNPX), L-glutathione reduced (Glu-Re), orcinol, and
β-Nicotinamide adenine dinucleotide (reduced disodium salt hydrate, NADH) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The PrimeSTAR HS DNA Polymerase
was from Takara (Shiga, Japan). The QIAprep SpinMiniprep Kit was obtained from Qi-
agen (Valencia, CA, USA). The Talon metal affinity resin was purchased from Clontech
Laboratories, Inc. (Mountain View, CA, USA). The Amicon@ Ultra centrifugal filters were
obtained from Millipore (Billerica, MA, USA). All other reagents and common supplies
were purchased from Fisher Scientific (Pittsburgh, PA, USA).

4.2. Characterization of T. bryantii mel9T

T. bryantii strain mel9T was isolated in a minimal medium with raffinose as the sole
carbon and energy source. The methods and the contents of the medium for isolating
the bacterium were described in our previous report [55]. Aliquots of liquid samples
from a waste pile from a corn-canning factory (Hoopeston, IL, USA) were inoculated into
the minimal medium [55]. A single colony from the enrichment plate with raffinose as
the sole carbon and energy source yielded several colonies with similar morphology. A
single colony was picked and streaked several times to ensure the purity of the isolated
colony. Further analyses yielded a bacterium that was named T. bryantii strain mel9T. The
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optimum, upper, and lower growth temperature limits of strain mel9T were determined
by incubation between 37 and 75 ◦C in the minimal medium supplemented with glucose.
The isolate was grown between pH 5.0 and 8.0 at 65 ◦C in the same medium to determine
the optimum pH for growth. The reduction of thiosulfate, sulfate, and sulfur, each at a
20 mM concentration, was tested, and microscopic examination was used to check for
sulfur formation [55]. Transmission electron microscopy (TEM) and negative staining were
used to examine cell morphology, as described previously [55]. Fermentation end products
were analyzed by gas chromatography and high-performance liquid chromatography, as
described elsewhere [55]. The 16S rRNA gene sequence of strain mel9T was used to search
the database at the GenBank and thirteen 16S rRNA gene sequences of closely related
organisms were retrieved for phylogenetic analysis. The G + C content of the genomic DNA
was determined by DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany) using a chromatographic method [56]. The DNA–DNA
hybridization was also performed by DSMZ using a method described earlier [57].

4.3. Genome Sequencing

The genomic DNA of T. bryantii was extracted as described previously [58]. The
genome sequence of T. bryantii mel9T was partially sequenced (W. M. Keck Center for
Comparative and Functional Genomics at the University of Illinois at Urbana-Champaign)
using standard procedures. Briefly, the genomic DNA sequence data were generated with
one-half plate of shotgun 454 GS-FLX data and one-half plate of 8 kb paired-end GS FLX
Titanium data using the 454 Life Sciences Genome Sequencer (Branford, CT, USA). The
partial genome sequence was assembled by Newbler version 2.0 into 7 scaffolds comprised
of 71 contigs. The genome sequence was uploaded and analyzed on the Rapid Annotation
using Subsystem Technology (RAST) server (http://rast.nmpdr.org/) [59].

4.4. Gene Cloning, Gene Expression, and Protein Purification

The genes in this study were amplified by the PrimeSTAR HS DNA Polymerase
using genomic DNA as a template (see Supplemental Table S5 for primer information).
The PCR products were gel-purified using the Qiagen QIAquick Gel Extraction Kit. The
resulting amplicons were then subjected to the exonuclease activity of T4 DNA polymerase
to generate sticky ends. The treated DNA was annealed to the pET-46 Ek/LIC vector,
and the annealed products were transformed into E. coli XL10-Gold competent cells. The
transformants were selected on a Lysogeny broth (LB) agar plate supplemented with
100 µg/mL of ampicillin. Single colonies were picked and inoculated into 3 mL of LB
medium supplemented with 100 µg/mL of ampicillin and cultured overnight. Plasmids
were extracted from the cultures using the QIAprep Spin Miniprep Kit, and the inserts were
verified by DNA sequencing (W. M. Keck Center for Comparative and Functional Genomics
at the University of Illinois). The recombinant plasmids with the correct inserts were then
transformed individually into E. coli BL21-CodonPlus (DE3) RIPL cells and selected on LB
agar plates containing 100 µg/mL of ampicillin and 50 µg/mL of chloramphenicol at 37 ◦C.
After overnight incubation, single colonies were inoculated into 10 mL of LB supplemented
with the same antibiotics and bacterial culturing continued at 37 ◦C at a speed of 250 rpm
for 6 h. The pre-culture was inoculated into 1 L of LB medium supplemented with the
same antibiotics, and the culture was shaken at a speed of 250 rpm at 37 ◦C until the OD600
(optical density at 600 nm) reached 0.3. The temperature was then shifted to 16 ◦C, and IPTG
was added at a final concentration of 0.1 mM. Following an additional 16 h of culturing at
16 ◦C, the cells were harvested by centrifugation. The cell pellets were then resuspended
in 40 mL of lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 7.5) and ruptured by two
passages through an EmulsiFlex C-3 cell homogenizer from Avestin (Ottawa, Canada).
Since proteins encoded by T. bryantii were expected to be thermostable, the cell lysate was
consecutively treated at 55 and 60 ◦C for 15 min, and the precipitated host (E. coli) proteins
were pelleted by centrifugation at 12,857× g for 20 min at 4 ◦C. The recombinant proteins in
the heat-treated supernatants were purified using the Talon metal affinity chromatography

http://rast.nmpdr.org/
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resin according to the manufacturer’s instructions (Clontech, Mountain View, CA, USA).
The eluted protein fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) according to Laemmli’s method [60]. Eluted fractions with
purified proteins were pooled, the proteins were concentrated, and the buffer was changed
to a protein storage buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) with Amicon Ultra-15
centrifugal concentrators. The protein concentrations were measured using a NanoDrop
1000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and the Beer–Lambert law with
the following extinction coefficients: 67,840, 128,160, 59,610, 50,435, 125,055, 99,490, and
35,942 M−1 cm−1 for TbXyn10A, TbAgu67A, TbHEOA, TbHEOB, TbXyl52A, TbXyl39A,
and TbAxe1A, respectively.

4.5. Determination of Optimal pH and Temperature

Two types of buffers were used to determine the optimal pH of TbXyn10A, TbXyl39A,
TbXyl52A, and TbAxe1A: 50 mM sodium citrate—150 mM NaCl (pH 4.0 to 6.0) and 50 mM
Na2HPO4-NaH2PO4—150 mM NaCl (pH 6.0 to 8.0). The optimal pH of TbXyn10A was
determined by incubating 40 nM of TbXyn10A with 1 mg/mL of wheat arabinoxylan
(WAX) at different pH values at 60 ◦C for 10 min. The reducing sugars released were mea-
sured using the para-hydroxybenzoic acid hydrazide (pHBAH, Sigma-Aldrich, St. Louis,
MO, USA) assay [61], with xylose (Sigma-Aldrich, St. Louis, MO, USA) as the standard.
Meanwhile, the optimal pH of TbXyl39A, TbXyl52A, and TbAxe1A was performed using
a Cary 300 UV-visible-spectrum spectrophotometer equipped with a Peltier temperature
control unit (Varian Inc., Palo Alto, CA, USA) [62], and experiments were carried out at
different pH at 60 ◦C by incubating 10 nM of TbXyl39A (or 5 nM of TbXyl52A) with 1 mM
of pNPX, or by incubating 80 nM of TbAxe1A with 1 mM of pNP-acetate, respectively.
Hydrolysis of the pNP substrates was monitored continuously by recording the UV signal
at 400 nm, and the rate of pNP release was determined according to standard curves of
pNP in different pH solutions. To determine the optimal temperature, incubation of 40 nM
of TbXyn10A and 1 mg/mL of WAX, 10 nM of TbXyl39A and 1 mM of pNPX, 5 nM of
TbXyl52A and 1 mM of pNPX, and 80 nM of TbAxe1A and 1 mM of pNP-acetate were
performed at their optimal pH at different temperatures, ranging from 30 to 90 ◦C, at 5 ◦C
intervals, respectively.

4.6. Kinetic Studies of TbXyn10A, TbXyl39A, TbXyl52A, and TbAxe1A

The kinetic parameters of TbXyn10A were estimated at its optimal pH and temperature.
The kinetic analysis of TbXyn10A with BWX, OSX, BeeWX, LWX, and WAX was performed
by incubating an appropriate concentration of TbXyn10A with a range of xylan substrates
at pH 5.5 and a temperature of 65 ◦C for 15 min. The concentration of TbXyn10A was
determined by performing initial experiments with multiple time points and different
enzyme concentrations to identify an enzyme concentration that yielded a linear rate over
15 min. The reducing ends released were measured using the pHBAH assay [61]. The
velocities were plotted against the substrate concentrations, and kinetic parameters were
estimated by fitting the data to a Michaelis–Menten equation using a non-linear regression
model (Graphpad Prism v5.01 software, San Diego, CA, USA).

The kinetic parameters of TbXyl39A and TbXyl52A were estimated at their optimal pH
and optimal temperatures with pNP substrates. The kinetic studies of TbXyl39A, TbXyl52A,
and TbAxe1A were performed using the Cary 300 UV-visible-spectrum spectrophotometer.
TbXyl39A (10 nM) was incubated with different concentrations (0–10 mM) of pNP-β-D-
xylopyranoside (pNPX) in a pH 6.0 citrate buffer (50 mM of sodium citrate, 150 mM of
NaCl) at 65 ◦C. Similarly, TbXyl52A (5 nM) was incubated with 0–8 mM of pNPX in a pH
5.5 citrate buffer at 60 ◦C, and TbAxe1A (5 nM) was incubated with 0–8 mM of pNP-acetate
in a pH 6.5 phosphate buffer (50 mM of sodium phosphate, 150 mM of NaCl) at 70 ◦C. The
reaction velocities were plotted against the substrate concentrations, and kinetic parameters
were calculated as described above.
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4.7. Reaction Patterns of TbXyl39A and TbXyl52A on Xylose and Xylo-Oligosaccharides

Reactions of TbXyl39A or TbXyl52A with xylose and xylo-oligosaccharides (xylobiose,
X2; xylotriose, X3; xylotetraose, X4; xylopentaose, X5; xylohexaose, X6) were examined by
incubating 1 µM of Xyl39A or Xyl52A with 1 mg/mL of xylose or xylo-oligosaccharides
(X2–X6) in a total volume of 40 µL at 60 ◦C in a citrate buffer (pH 6.0 for Xyl39A and pH 5.5
for Xyl52A) for 20 h. One mg/mL of xylotriose or xylohexaose was incubated with 100 nM
of Xyl39A or Xyl52A at 60 ◦C in the citrate buffer (pH 6.0 for Xyl39A and pH 5.5 for Xyl52A)
in a total volume of 400 µL, respectively, to determine the reaction patterns of Xyl39A or
Xyl52A with long and short xylo-oligosaccharides. At different time intervals (0, 0.5, 2, 5,
20 min, 1, 2, 4, and 16 h), 30 µL of sample was removed. The difference in hydrolysis of
xylotriose by Xyl39A or Xyl52A was further analyzed by incubating 1 mg/mL of xylotriose
with a range (0–100 nM) of Xyl39A or Xyl52A at 60 ◦C in a citrate buffer (pH 6.0 for Xyl39A
and pH 5.5 for Xyl52A) in a total volume of 40 µL for 2 min, or by incubating 1 mg/mL
of xylotriose with 100 nM of Xyl39A or Xyl52A at 4, 22, 30, 40, 50, 60, 70, and 80 ◦C in
the citrate buffer (pH 6.0 for Xyl39A and pH 5.5 for Xyl52A) in a total volume of 40 µL
for 5 min, respectively. The reaction products (30 or 40 µL) were all dried using a Savant
DNA 120 SpeedVac concentrator (Savant, Ramsey, MN, USA) and dissolved in 4 µL of
H2O. Then, 1 µL each of the end products was spotted onto thin-layer chromatography
(TLC) plates with xylose and xylo-oligosaccharides (X2–X6) as standards and developed
in a n-butanol-acetic acid-H2O (10:5:1, vol/vol/vol) mobile phase. The sugars were then
visualized by spraying with a 1:1 (vol/vol) mixture of methanolic orcinol (0.2% wt/vol)
and sulfuric acid (20% vol/vol), followed by heating at 100 ◦C for 5 min, as described in
our previous report [14].

4.8. Hydrolysis of Aldouronic Acid Mixture by TbXyl39A or TbXyl52A Supplemented
with TbAgu67A

Hydrolysis of the aldouronic acid mixture was carried out by incubating 400 nM of
Xyl39A or 100 nM of Xyl52A individually, or in combination with 200 nM of TbAgu67A,
with 1 mg/mL of the aldouronic acid mixture in a total volume of 30 µL, at 60 ◦C in
the pH 5.5 citrate buffer. The reaction was carried out for 1 h. To minimize variation in
results due to evaporation, the reaction products were dried and dissolved in 4 µL of H2O.
The hydrolysis products were further diluted, centrifuged, and then analyzed by HPAEC
using a System Gold high-performance liquid chromatography (HPLC) instrument from
Beckman Coulter (Fullerton, CA, USA), equipped with a Coulochem III electrochemical
detector from ESA Biosciences (Chelmsford, MA, USA), using X1–X6 as the standards.
Details of the methods were outlined in an earlier report [14].

4.9. Identification of Potential Redox-Active and Metal Ion Cofactors for Hemicellulase-Enhancing
Oxidoreductases (HEOs)

The potential of TbHEOA and TbHEOB in the synergistic hydrolysis of BWX with
the three xylanolytic enzymes (TbXyn10A, TbXyl39A, and TbXyl52A) was analyzed, and
potential redox-active cofactors and divalent metal ions were screened. An enzyme mixture
composed of five enzymes (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM TbXyl52A, 50 nM
TbHEOA, and 50 nM TbHEOB) was incubated with 5 mg/mL of BWX at 60 ◦C and pH 5.5
for 16 h, in the presence or absence of different metal ions (1.0 mM Mn2+, 1.0 mM Mg2+, or
1.0 mM Zn2+). The reducing sugars released from the reaction products were measured
using the pHBAH method and resolved by TLC, as described above. Based on these results,
different potential redox-active cofactors for the two HEOs were screened by incubating
the five-enzyme mixture (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM TbXyl52A, 100 nM
TbHEOA, and 100 nM TbHEOB) with 5 mg/mL of BWX at 60 ◦C, pH 5.5, and 1 mM of
metal ion for 16 h, in the presence or absence of different cofactors (1.0 mM of NADH,
1.0 mM of ascorbic acid, or 0.5 mM of reduced glutathione (Re-glu)). The cumulative
effects of the screened cofactors and metal ions for the two HEOs on the hydrolysis of BWX
with the three xylanolytic enzymes (TbXyn10A, TbXyl39A, and TbXyl52A) were further
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examined in the presence of different combinations of the screened cofactors and metal
ions. The released reducing ends from these assays were determined using the pHBAH
method and further resolved by TLC, as described above.

4.10. Synergistic Effect of the Seven Enzymes in Hydrolyzing Different Xylan-Containing
Plant Biomass

The hydrolysis of xylan by all seven enzymes encoded by the hemicellulase gene
cluster was carried out at 60 ◦C and pH 5.5 for 16 h, in the presence of the selected redox-
active cofactor and metal ion (1.0 mM of NADH and 1.0 mM of Mn2+), by incubation
with 5 mg/mL of different substrates (BeeWX, BWX, LWX, OSX, WAX, or Miscanthus).
To determine the influence of the different components of the hemicellulose gene cluster,
combinations of the seven enzymes (10 nM TbXyn10A, 10 nM TbXyl39A, 5 nM TbXyl52A,
100 nM TbAgu67A, 100 nM TbAxe1A, 50 nM TbHEOA, and 50 nM TbHEOB) were exam-
ined for their release of end products from the xylan substrates. The released reducing
sugars were determined by the pHBAH method. The components of the reducing sugars
were then resolved by TLC and HPLC, as described above.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12020182/s1, Supplemental Table S1: Characteristics that
differentiate strain mel9T from other species of Thermoanaerobacterium; Supplemental Table S2: Amino
acid sequence identities among the enzymes in the hemicellulase gene clusters from T. bryantii,
T. xylanolyticum, and T. thermosaccharolyticum; Supplemental Table S3: End products of synergis-
tic hydrolysis of different xylan-containing plant biomass by the seven enzymes encoded by the T.
bryantii hemicellulase gene cluster; Supplemental Table S4: Conservations of two adjacent oxidoreduc-
tases (TbHEOA and TbHEOB) from T. bryantii in other bacteria; Supplemental Table S5: Nucleotide
sequences of primers used for cloning of the genes in the hemicellulase gene cluster. Supplemen-
tal Figure S1: Hydrolysis of birchwood xylan (BWX) by a single enzyme (TbXyn10A, TbXyl39A,
TbXyl52A, TbHEOA, TbHEOB, TbAgu67A, or TbAxe1A) in the gene cluster, as analyzed by the
reducing sugar assay; Supplemental Figure S2: Effects of redox-active cofactors and Mn2+ ion on the
capacity of two new oxidoreductase-like proteins (TbHEOA and TbHEOB) to enhance hydrolysis of
BWX by the three-enzyme mixture composed of TbXyn10A, TbXyl39A, and TbXyl52A; Supplemen-
tal Figure S3: The synergistic effect of the seven enzymes encoded in the T. bryantii hemicellulase
gene cluster during hydrolysis of heterogeneous xylans and Miscanthus; Supplemental Figure S4:
Multiple sequence alignment of TbHEOA and TbHEOB with three characterized oxidoreductases;
Supplemental Figure S5: Multiple sequence alignment of the two HEOs from T. bryantii with putative
functional homologs occurring as adjacent genes in other bacteria.
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