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Abstract Paenibacillus sp. JDR-2 (Pjdr2) has been studied as 
a model for development of bacterial biocatalysts for efficient 
processing  of  xylans,  methylglucuronoxylan,  and  
methylglucuronoarabinoxylan, the predominant hemicellulosic 
polysaccharides found in dicots and monocots, respectively. 
Pjdr2 produces a cell-associated GH10 endoxylanase 
(Xyn10A1) that catalyzes depolymerization of xylans to 
xylobiose, xylotriose, and methylglucuronoxylotriose with 
methylglucuronate-linked α-1,2 to the nonreducing terminal 
xylose. AGH10/GH67 xylan utilization regulon includes genes 
encoding an  extracellular  cell-associated  Xyn10A1 

endoxylanase and an intracellular GH67 α-glucuronidase ac-
tive on methylglucuronoxylotriose generated by Xyn10A1 but 
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without activity on methylglucuronoxylotetraose generated by 
a GH11 endoxylanase. The sequenced genome of Pjdr2 con-
tains three paralogous genes potentially encoding GH115 α-
glucuronidases found in certain bacteria and fungi. One of 
these, Pjdr2_5977, shows enhanced expression during growth 
on xylans along with Pjdr2_4664 encoding a  GH11 
endoxylanase. Here, we show that Pjdr2_5977 encodes a 
GH115 α-glucuronidase, Agu115A, with maximal activity on 
the aldouronate methylglucuronoxylotetraose selectively gener-
ated by a GH11 endoxylanase Xyn11 encoded by Pjdr2_4664. 
Growth of Pjdr2 on this methylglucuronoxylotetraose supports 
a process for Xyn11-mediated extracellular depolymerization 
of methylglucuronoxylan and Agu115A-mediated intracellular 
deglycosylation as an alternative to the GH10/GH67 system 
previously defined in this bacterium. A recombinantly 
expressed enzyme encoded by the Pjdr2 agu115A gene cata-
lyzes removal of 4-O-methylglucuronate residues α-1,2 linked 
to internal xylose residues in oligoxylosides generated by 
GH11 and GH30 xylanases and releases methylglucuronate 
from polymeric methylglucuronoxylan. The GH115 α-
glucuronidase from Pjdr2 extends the discovery of this activity 
to members of the phylum Firmicutes and contributes to a 
novel system for bioprocessing hemicelluloses. 

Keywords Paenibacillus sp. JDR-2 . Xylans . GH11 
endoxylanase . GH115 α-glucuronidase . Biofuels and 
chemicals 

Introduction 

Lignocellulosic biomass resources have become viable alter-
natives to petroleum-based resources for production of fuels 
and chemicals. Derived from various sources, including tim-
ber, energy crops, and agricultural and forest product residues, 
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lignocellulosics contain 41–51 % cellulose and 23–38 % 
hemicellulose (Ragauskas et al. 2006; Saha 2003). For con-
version of these resources to biofuels and chemicals, pretreat-
ments of lignocellulosic biomass at high temperatures with 
strong acids have been applied to provide cellulose that is 
more accessible to cellulases and at the same time solubilize 
xylans and release pentoses from the hemicellulose (Mosier 
et al. 2005). Efforts to develop microbial biocatalysts for pro-
duction of biofuels that secrete cellulases show promise for 
mitigating the requirement for their addition and associated 
cost (Chundawat et al. 2011; Lynd et al.  1999; Olson et al. 
2012). 

Other pretreatment strategies, including alkaline and ammo-
nia fiber expansion (AFEX), offer some advantages over acid 
pretreatment with respect to engineering design costs and allow 
solubilization of xylans with diminished generation of products 
toxic to biocatalysts that occurs with acid hydrolysis. 
Hemicellulases are then required to convert the hemicellulose 
fractions to fermentable pentoses. Acidic xylans with 
methylglucuronate substitutions represent the predominant 
source of fermentable pentoses in the hemicellulose fractions 
of lignocellulosic biomass and are solubilized and deesterified 
by alkaline pretreatment. These include methylglucuronoxylans 
(MeGXn) extracted from dicots including hardwoods, as well 
a s  g ym n o s p e rm s  i n c l u d i n g  s o f t w o o d s ,  a n d  
methylglucuronoarabinoxylans (MeGAXn) from monocots, in-
cluding energy crops and agricultural residues.  

Further processing of alkaline extracts requires the addition of 
hemicellulases, including endoxylanases, arabinofuranosidases, 
β-xylosidases, and α-glucuronidases, to optimally convert solu-
ble xylans to fermentable pentoses, providing additional costs to 
the bioconversion process (Preston et al. 2003; Dodd and Cann 
2009; Menon and Rao 2012). As in the case for biocatalysts 
secreting cellulases, there is an interest in developing microbial 
biocatalysts for the secretion of enzymes for the digestion of 
MeGXn and MeGAXn solubilized by alkaline pretreatment. 

Some xylanolytic bacteria secrete GH10 xylanases that gen-
erate xylotriose, xylobiose, and the aldouronate 4-O-
methylglucuronosyl-α-1,2-xylosyl-β-1,4-xylosyl-β-1,4-xylose 
(MeGX3 or UXX) and also have genes encoding intracellular 
GH67 α-glucuronidases for removing methylglucuronate 
(MeG), allowing conversion of xylotriose derived from 
MeGX3 to fermentable xylose (Shulami et al. 1999; Chow  
et al. 2007; Nong et al.  2009; Weber et al. 2010; Shaw et  al.  
2008; Talluri et al. 2013; Han et al. 2012). This GH10/GH67 
system for complete processing of MeGXn has been studied in 
some detail in species of Geobacillus and Paenibacillus 
(Shulami et al. 1999; St. John et al.  2006a; Chow et al.  2007; 
Nong et al. 2009). The efficient utilization of MeGXn by 
Paenibacillus sp.  JDR2 (Pjdr2) has been ascribed to a  xylan  
utilization regulon that encodes a secreted cell-associated GH10 
endoxylanase, transcriptional regulators, ABC transporters, and 
intracellular glycoside hydrolases, including a GH67 α-

glucuronidase. Collectively, these enzymes contribute to the 
efficient depolymerization of MeGXn coupled to the assimila-
tion and metabolism of products of extracellular depolymeriza-
tion (St. John et al. 2006a; Nong  et  al.  2009). The sequenced 
genome of Pjdr2 has allowed a transcriptomic analysis follow-
ing growth onMeGXn or MeGAXn that supports the role of the 
GH10/GH67 xylan utilization regulon for the efficient utiliza-
tion of hemicellulosic polysaccharides (Chow et al. 2012; 
Sawhney et al. 2015). The transcriptome study also showed 
the enhanced expression of  genes encoding a GH11 
endoxylanase and a putative GH115 α-glucuronidase upon 
growth on MeGXn or MeGAXn. 

In the study described here, a recombinant GH115 α-
glucuronidase from the firmicute Pjdr2 has been evaluated 
for comparison with enzymes encoded by orthologous genes 
in the bacteria, Bacteroides ovatus (Rogowski et al. 2014) and  
Streptomyces pristinaespiralis (Fujimoto et al. 2011), and the 
fungi, Schizophyllum commune (Tenkanen and Siika-aho 
2000; Kolenová et al. 2010; Chong et al. 2011) and  Pichia 
stipitis (Kolenová et al. 2010). As in the case of these recent 
studies, the GH115 α-glucuronidase Agu115A from Pjdr2 
shows similar substrate specificities that distinguish these en-
zymes from the GH67 α-glucuronidases which have been 
implicated in the bioconversion of methyglucuronoxylans. 
The ability of Pjdr2 to utilize the products of a GH11 
endoxylanase for growth supports a process catalyzed by the 
secreted GH11 endoxylanase and the intracellular GH115 α-
glucuronidase for the utilization of xylans comprising 
hemicellulosic biomass. 

Materials and methods 

Growth and maintenance of Paenibacillus sp. JDR-2 
cultures 

Pjdr2 cultures were routinely maintained on Zucker-Hankin 
defined medium (Zucker and Hankin 1970) supplemented 
with sweetgum MeGXn. Stocks were stored at −80 °C, resus-
citated, and cultured at 30 °C with aeration as previously de-
scribed (St. John et al. 2006a). Specific conditions with differ-
ent substrates are noted for individual experiments. A Pjdr2 
culture has been deposited with the Bacillus Genetic Stock 
Center at Ohio State University, Columbus Ohio, as BGSC 
35A1. 

Preparation of substrates 

Substrates for enzyme and growth studies were prepared from 
sweetgum MeGXn (Hurlbert and Preston 2001) and sorghum 
MeGAXn (Sawhney and Preston 2014). Oligoxylosides con-
taining α-1,2-linked methylglucuronates, referred to as 
aldouronates, include methylglucurono-α-1,2-xylose (U) 
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prepared from acid hydrolysates; methylglucuronoxylotriose 
(UXX) generated by the digestion of MeGXn with a GH10 
endoxylanase from Pjdr2 in which the methylglucuronate 
product is α-1, 2-linked to the nonreducing terminus (Nong 
et al. 2009); XUX (methylglucuronoxylotriose with the 
methylglucuronate linked to xylose penultimate to both reduc-
ing terminal and nonreducing terminal xyloses) prepared from 
cultures of Bacillus subtilis 168 secreting both GH11 and 
GH30 xylanases;  XUXX prepared from cultures  of  
B. subtilis MR42, secreting only a GH11 xylanase; and a 
mixture of acidic xylooligosaccharides, XXnUX, with n rang-
ing from 1 to 15with an average of 7.2, prepared from cultures 
of B. subtilis MR44 secreting only the GH30 xylanase (Rhee 
et al. 2014). Abbreviations of structures that identify the xy-
lose residues modified with α-1,2-linked methylglucuronate 
(U) residues are those previously used for the studies of en-
zymes that act on aldouronates formed following depolymer-
ization of methylglucuronoxylans (Rogowski et al. 2014). 
Methylglucuronate was prepared by the digestion of UXX 
with recombinant Agu67 derived from Pjdr2 (Nong et al. 
2009). 

Preparation and characterization of recombinant 
enzymes 

The GH11 xylanase, BsXyn11A, from B. subtilis 168 was 
prepared as a recombinant enzyme as previously described 
(Rhee et al. 2014). Recombinant GH67 α-glucuronidase, 
Agu67 from Pjdr2, was prepared as previously described 
(Nong et al. 2009). The recombinant GH115 α-glucuroni-
dase,  Agu115A from Pjdr2,  encoded by the  gene 
Pjdr2_5977, was cloned using primers 5′-GCA TCG GTC 
GAC ATG CTG AAC GAC AAC TAT ATC GC-3′ and 5′-
TAT CGC TCA CCG TTC TCC AA-3′ to amplify the 
complete gene which was then expressed in Escherichia 
coli Rosetta DE3 (Novagen, La Jolla, CA) for production 
of the enzyme. Pjdr2 Xyn11 endoxylanase was produced 
with the same approach, but using primers 5′-GAC TCG 
CAT ATG GCA ACA GAC TAC TGG CAG AAC-3′ and 
5′-CGT CTG GGA TCC GAG CAA GCG CTA ACC 
AAG AT-3′ to amplify the Pjdr2_4664 gene. Methods for 
gene amplification, gene sequencing, over-expression, and 
purification of recombinant enzymes were the same as pre-
viously described (Rhee et al. 2014). All recombinant gene 
products were analyzed by SDS-PAGE to establish purity 
and mass (Fig. S1 in the Supplementary Material). Samples 
of crude extracts or purified proteins were denatured in 
SDS buffer with β-mercaptoethanol, boiled for 10 min, de-
livered to 4–15 % gradient polyacrylamide gels (Bio-Rad 
Labotatores, Inc., Los Angeles, CA) equilibrated with 
0.1 % SDS buffer, subjected to electrophoresis, and stained 
with 0.1 % Coomassie Blue following protocols previously 
described (Laemmli 1970; www.bio-rad.com). 

Enzyme assays and product analysis 

Endoxylanase activity was determined by estimating the in-
crease of reducing sugar termini (Nelson 1944) as previously  
described (St. John et al. 2006b). Theα-glucuronidase activity 
was determined by measuring the release of substrate for 
uronate dehydrogenase-catalyzed formation of glucarate 
coupled to NAD reduction (Yoon et al. 2009). Uronate dehy-
drogenase (UDH) from Pseudomonas syringae DC3000 was 
prepared as a recombinant enzyme from the E. coli Rosetta 
DE3  s t ra in  used  above ,  w i th  p r imers 5 ′ -GACT  
CGCATATGGCATCGGCTCATACCACTCAAACTCC-3′ 
and  5 ′ -GGCTTA GGATCCG CTTGTTCACGCAC 
GCTCCA-3′ to amplify udh (PSPTO_1053), followed by in-
duction and over-expression methods described above. The 
UDH-catalyzed  oxidation of glucuronate  (or 4-O-
methylglucuronate) to glucarate (or methylglucarate) is 
coupled to reduction of NAD to NADH which can be quanti-
fied by measurement of absorbance at 340 nm (A340). One 
unit catalyzes the formation of 1 μmol NADH, equivalent to a 
1-μmol oxidation of aldehyde C1 of methylglucuronate re-
leased by α-glucuronidase per minute under the assay condi-
tions. This thermodynamically unfavorable reaction requires 
the determination of A340 over the early portion of the reac-
tion as equilibrium is reached with NADH at 0.1 mM, as well 
as 3 mM glucuronate and 1 mM NAD (data not shown). 
Identification of products was carried out using thin layer 
chromatography (TLC) and high-performance liquid chroma-
tography (HPLC) as previously described (Nong et al. 2009; 
Su et al. 2011). 

Growth and utilization of aldouronates by Pjdr2 

The initial inocula for Pjdr2 cultures were prepared as de-
scribed previously (Sawhney and Preston 2014). For growth 
studies, Pjdr2 was cultured in 16 × 100-mm culture tubes at 
30 °C with gyrotary agitation at 220 rpm containing 3.5 mL 
Zucker-Hankin (ZH) minerals (pH 7.4) (Zucker and Hankin 
1970) medium supplemented with 0.05 % yeast extract and 
0.1 % aldouronates. Samples were removed at timed intervals 
to determine optical density (OD) at 600 nm, total cell protein, 
and total carbohydrate remaining in the culture supernatants as 
previously described (Nong et al. 2009). 

Phylogenetic relationships of GH115 enzymes 

The Clustal Omega program (Sievers et al. 2011) was used for 
alignment of amino acid sequences, and the phylogenetic tree 
was calculated from the multiple sequence alignment using 
the Neighbor-Joining method with the BLOSUM62 substitu-
tion matrix in Jalview (Waterhouse et al. 2009). Sequences 
were  obtained  from NCBI database  for  B.  ovatus  
(BoAgu115A, BACOVA_03449), S. pristinaespiralis 
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(SpAgu115A,  SSDG_01527T0),  Aspergillus  oryzae  
(AoAgu115, BAE56806), Bacteroides thetaiotaomicron 
(BtAgu115A, PDB ID: 5BY3, BT_2958), S. commune 
(ScAgu115, ADV52250), Neurospora crassa (NcAgu115A, 
NCU06143), P. stipitis (PsAgu115, PICST_61283), and Pjdr2 
Agu115A. The A. oryzae and N. crassa sequences are putative 
GH115 enzymes orthologous to the characterized GH115 α-
glucuronidase sequences from the other organisms. 

Structural modeling of α-glucuronidases 

Homology models of the Pjdr2 Agu115A were made using 
iTasser (Yang et al. 2015) and Phyre2 (Kelley et al. 2015). The 
lowest energy models generated were analyzed with 
Molprobity (Chen et al. 2010). Structural superpositions of 
the best model with the known X-ray crystallographic struc-
tures of the α-glucuronidases from B. ovatus (PDB ID: 4C90) 
and B. thetaiotaomicron (PDB ID: 5BY3) were performed in 
Chimera (Pettersen et al. 2004). 

TLC analysis of xylan digestion products generated 
by recombinant Pjdr2 enzymes 

Recombinant forms of Pjdr2 enzymes were used in these ex-
periments. Reactions containing 0.2 % sweetgum MeGXn in 
the presence of 0.5 unit of each enzyme in 50 mM sodium 
acetate, pH 6.0, were incubated at 30 °C for 24 h. Reaction 
products (200 nmol xylose equivalents/sample) were analyzed 
by TLC with samples spotted on silica gel 60 0.25-mm plates 
(Merck, Darmstadt, Germany, EMD Millipore, USA). 
Development was made using chloroform-acetic acid-water 
in the ratio 6:7:1 (v:v:v), and products were detected as previ-
ously described (Nong et al. 2009). In some experiments, the 
reaction mixtures were filtered to separate the lower molecular 
weight oligosaccharides from the undigested polysaccharide 
and the enzymes. The filtration was carried out using the 
Amicon Centriprep 3000 MWCO filter device (EMD 
Millipore, Darmstadt, Germany) centrifuged at 3000 rpm 
(Sorvall RC-3 swinging bucket rotor). In some experiments, 
the first development in chloroform-acetic acid-water, 6:7:1 
(v:v:v), was followed by a second development in ethyl 
acetate-acetic acid-water, 2:1:1 (v:v:v) (Chow et al. 2016), to 
resolve the xylose and MeG components. 

Catabolite regulation of expression of xyn11 and agu115 

Gene expression levels are reported as RPKM (reads per ki-
lobase per million reads sequenced) values obtained from trip-
licate growth studies and RNA-seq total transcriptome analy-
sis (Sawhney et al. 2015). Results were combined and aver-
aged and then normalized over the entire data set of several 
different growth conditions. ANOVA analysis of the total data 
set was performed and significant values are judged as having 

p values less than 0.01. Data sets for the results are available in 
the JGI Genome Portal repository, Project ID 1023680, at 
http://genome.jgi.doe.gov/pages/projectStatus.jsf?db= 
Paespnscriptome. The  14-base  canonical  sequence  
representing catabolite responsive element (cre) sites that 
were identified for  glucose catabolite  repression in  
Geobacillus stearothermophilus upstream of genes responsive 
to such transcriptional repression (Cho and Choi 1999) were  
used for searching for cre sites in the genes encoding the 
GH11/GH115 system in Pjdr2. 

Results 

Production and properties of Pjdr2 Agu115A 

Gene Pjdr2_5977 (Sawhney et al. 2015) has been designated 
as agu115A encoding a protein with a sequence homologous 
to characterized GH115 α-glucuronidases from selected bac-
teria and fungi (Ryabova et al. 2009; Chong et al. 2011; 
Fujimoto et al. 2011; Rogowski et al. 2014). The purification 
of recombinant Pjdr2 Agu115A results in a single protein 
band by SDS-PAGE with a molecular mass of approximately 
100 kDa (Fig. S1 in the Supplementary Material) and spectral 
p rope r t i e s ,  i nc lud ing  an  ex t inc t ion coe ff i c i en t  
224,740 M−1 cm−1 at 280 nm measured in water, predicted 
by the ExPasy ProtParam program ( http://web.expasy. 
org/protparam/) for the cloned sequence that includes six 
histidine residues on the amino terminus. Two other genes, 
Pjdr2_1125 and Pjdr2_5528, encoding proteins with 
significant homology to GH115 enzymes, were also cloned 
for production of proteins. While crude extracts of cultures of 
these clones produced proteins of the expected size for their 
respective encoding genes, no activities which released MeG 
from MeGXn were detected by TLC as seen for E. coli 
cultures expressing the recombinant Pjdr2 agu115A gene 
(Pjdr2_5977, data not shown), and these were not studied 
further. 

Enzyme properties and substrate preferences 

Enzyme activities were compared on different substrates using 
the kinetic assay for α-glucuronidase coupled to UDH-
mediated oxidation of glucuronate to glucarate and reduction 
of NAD to NADH (Yoon et al. 2009). The kinetic curves for 
these assays shown in Fig. 1 allowed the assignment of rates 
of reaction under different conditions and determination of 
specific activities with different substrates. Activities were 
proportional to the amount of enzyme added for both 
XUXX and MeGXn, and similar relationships were found 
for other oligosaccharides and MeGAXn (data not shown), 
providing zero-order kinetics with rates approximating Vmax 

for making comparisons of specific enzyme activities. 

http://genome.jgi.doe.gov/pages/projectStatus.jsf?db=Paespnscriptome
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Fig. 1 Kinetic comparison of recombinant Pjdr2 GH115A activities with 
substrates a XUXX and b MeGXn. To 0.10-ml  reaction mixtures  
containing 100 μg substrate,  increasing concentrations of the 
recombinant Agu115A enzyme were added followed by incubation at 
30 °C. At indicated times, samples were assayed for methylglucuronate 

The data presented in Table 1 show greatest activity for 
Pjdr2 Agu115Awith XUXX as substrate and also significant 
activities with polymeric MeGXn derived from wood 
(sweetgum) as well as MeGAXn derived from bagasse (sweet 
sorghum). Pjdr2 Agu115A shows more than 16.6 times the 
activity on XUXX, the aldouronate limit product of a Xyn11 
xylanase, than on UXX, the aldouronate limit product of a 
Xyn10 xylanase. Relative substrate preference follows the or-
der of XUXX > polymeric MeGXn > XXnUX (product of 
Xyn30 digestion) > XUX (product of Xyn11 and Xyn30) > 
polymeric MeGAXn >> UXX (product of Xyn10 digestion) > 

Table 1 Comparison of activities of Agu115A from Pjdr2 and 
published activities of GH115 enzymes from other species with respect 
to substrate preference 

Substrate −1]Specific activity [μmol min−1 mg

Pjdr2a S. communeb P. stipitisb 

XUXX 16.3 (± 0.30) 7.7 (± 0.3) 2.6 (± 0.1) 

MeGXn 5.88 (± 0.38) ND ND 

XXnUX 2.88 (± 0.08) ND ND 

XUX 1.68 (± 0.03) 7.3 (± 0.2) 4.5 (± 0.3) 

MeGAXn 1.50 (± 0.03) ND ND 

UXX 0.98 (± 0.08) 5.0 (± 0.2) 4.7 (± 0.2) 

U 0.56 (± 0.06) 1.2 (± 0.1) 1.2 (± 0.1) 

ND not determined 
a Recombinant Pjdr2 Agu115A activities determined as formation of 
NADH with the coupled uronate dehydrogenase assay 
b Native GH115 activities from Schizophyllum commune and Pichia 
stipitis determined with a colorimetric assay for the release of 
methylglucuronate were abstracted from Fig. 2 in Kolenová et al. (2010) 
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with uronate dehydrogenase-catalyzed oxidation to methylglucurate 
coupled to NAD reduction to NADH as described in the BMaterials and 
methods^ section. Reactions contained 10 μg (filled circles), 20 μg (open 
circles), or 40 μg (filled inverted triangles) of enzyme 

U (methylglucuronoxylose generated by acid hydrolysis). A 
comparison of the activities of Pjdr2 Agu115Awith homolo-
gous enzymes secreted by the fungi, P. stipitis (Ps Agu115) 
and S. commune (Sc Agu115), is also noted in Table 1. These 
data, obtained from published studies (Kolenová et al. 2010), 
shows Sc Agu115 with a slight preference for XUXX gener-
ated by Xyn11 and XUX generated by the combined action of 
Xyn11 and Xyn30 compared to UXX generated by Xyn10. Ps 
Agu115 previously showed a slightly greater preference for 
UXX compared to XUX and XUXX. 

Pjdr2 Agu67 shows no detectable activity toward MeGXn 

as there is no change in the intensity in the spotted reaction 
mixtures incubated for 24 h with and without the addition of 
Agu67 (Fig. 2). Treatment of MeGXn with Agu115A results 
in partial yet significant release of a product with a mobility 
corresponding to MeG. With UXX, hydrolysis with Agu67 
produced equivalent quantities of MeG and X3. Pjdr2  
Agu115A released a small amount of MeG and X3, from 
UXX, estimated at less than 5 % of the MeG released from 
polymeric MeGXn. With XUXX as substrate, Agu67 shows 
no release of MeG, whereas Pjdr2 Agu115A catalyzes the 
quantitative release ofMeG and X4 from the XUXX substrate. 

Amino acid sequence alignment, phylogenetic 
comparisons, and homology model analysis 

The amino acid sequence of Pjdr2115Awas aligned with se-
quences of other characterized α-glucuronidases in the 
GH115 family acting on glucuronoxylans, including two from 
fungi, P. stipitis (PICST_61283) (Kolenová et al. 2010) and  
S. commune (ADV52250) (Chong et al. 2011), and two from 
bacteria, B. ovatus (BACOVA_03449) (Rogowski et al. 2014) 

http:Xyn11andXyn30comparedtoUXXgeneratedbyXyn10.Ps
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Fig. 2 Comparison of Pjdr2 Agu67 and Pjdr2 Agu115A for substrate 
specificity and products formed. Substrates (0.5 % MeGXn, 0.5 % UXX, 
or 0.5 % XUXX) were incubated for 24 h with either 0.5 units of Pjdr2 
Agu67 or 0.5 units of Pjdr2 Agu115A, and reactions were subjected to 
TLC analysis as described in the BMaterials and methods^ section. Lane 
1, xylooligosaccharide standards 10 nmol each of X1, X2, X3, and X4; 
lane 2, aldouronate standards 10 nmol  each of U (MeGX1), UX 
(MeGX2), UXX (MeGX3), and XUXX (MeGX4); lane 3, 10 nmol  

and S. pristinaespiralis (SSDG_0152T0). In addition to the 
amino acid sequences for these characterized enzymes, 
orthologous sequences for putative α-glucuronidases for 
N. crassa (NCU06143) and A. oryzae (BAE56806) were in-
cluded. Sequence and phylogenetic comparisons of these can-
didates identified Pjdr2 Agu115A in a group with amino acid 
sequences similar to the GH115 from B. ovatus, BoAgu115A, 
and another group that included GH115 α-glucuronidases 
from fungi (Figs. S2 and S3 in the Supplementary Material), 
with the sequences for the fungal enzymes providing a cluster 
that suggests their evolution occurring from the bacterial se-
quences. An orthologous Agu115 that removes MeG from 
acacia gum but not from glucuronoxylans is encoded by a 
gene from B. thetaiotaomicron (Aalbers et al. 2015). A struc-
tural definition of this enzyme has identified a basis for this 
specificity and expanded the GH115 family to include a sub-
family with a role other than the processing of xylans. 

The X-ray crystallographic structures of both the B. ovatus 
and B. thetaiotaomicron GH115 proteins were used as tem-
plates for construction of the homology model of Pjdr2 
Agu115A. This model predicts the same four-domain struc-
ture as the Agu115A from B. ovatus (Rogowski et al. 2014) 
(Fig. S4 in the Supplementary Material). However, the amino 
acid sequence spanning Ser648 to Met769, which has no ho-
mology to known structures in the NCBI PDB database, was 
not properly represented by the modeling programs and was 
therefore removed. Based upon the structural superposition of 
the Pjdr2 Agu115A homology model with the crystal struc-
tures of the  Agu115A proteins  from B.  ovatus  and 

methylglucuronate (MeG) standard. Lanes 4–6, MeGXn substrate; lanes 
7–9,  UXX substrate, lanes 10–12, XUXX substrate, comparing 
conditions without enzyme, with Agu67 or with Agu115. Samples 
(0.01 ml) of reactions containing 330 nmol xylose equivalents were 
spotted, plates were subjected to development in chloroform/acetic 
acid/water solvent, and products were detected as described in the 
BMaterials and methods^ section 

B. thetaiotaomicron (Fig. 3), the likely catalytic residues of 
Pjdr2 Agu115A are Asp303 (nucleophile) and Glu350 (proton 
donor). An arginine (Arg299 in Pjdr2) is conserved in all the 
Agu115 enzymes considered and is known to play a role in 
substrate binding by interacting with the C-6 carboxylate of 
MeG. The xylose-binding cleft bounded by Trp249 and 
Val426 in the B. ovatus Agu115A is predicted to be lined by 
Trp272 and Met401 in the Pjdr2 Agu115A model. The sub-
stitution of methionine in the Pjdr2 Agu115A for the valine 
found in the B. ovatus protein is not expected to significantly 
affect substrate binding given the conserved hydrophobic na-
ture of the substitution. 

Properties of Pjdr2 Xyn11 

Recombinant Pjdr2 Xyn11 endoxylanase from Fig. S1 in the 
Supplementary Material had specific activities of 48.1 units/ 
mg (+/− 0.99) with sweetgum MeGXn as substrate and 
12.9 units/mg (+/− 0.28) with sorghum MeGAXn as substrate 
as determined in duplicate with the release of reducing termi-
ni. One unit equals the release of 1 μmol equivalent of xylose 
per minute under the conditions described in the BMaterials 
and methods^ section. The specific activity with MeGXn is 
comparable to 37 units/mg with Xyn11A from B. subtilis 
(Rhee et al. 2014). B. subtilis Xyn11A has been shown to 
generate XUXX as a limit product along with X3 and X2 

(Rhee et al. 2014). Under similar conditions, Pjdr2 Xyn11 
generates significant amounts of XUX along with XUXX, 
X3, and X2 (Fig. 4). It is clear that Pjdr2 Xyn11 generates 

http:donor).An
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Fig. 3 Structural superposition of the homology models with the X-ray 
crystallographic structures of the Agu115A proteins from B. ovatus and 
B. thetaiotaomicron. The active sites of the superposed Agu115 proteins 
from B. ovatus (blue), B. thetaiotaomicron (purple), and Pjdr2 (tan) are  

aldouronate products that are completely processed to X2, X3, 
and MeG by Pjdr2 Agu115. 

Processing and utilization of MeGXn by GH10/GH67 
and GH11/GH115 systems in Pjdr2 

To compare the GH10/GH67 and GH11/GH115 xylan utili-
zation systems in Pjdr2, the xylan digestion products generat-
ed by these enzymes were examined (Fig. 4). With TLC plate 

seen. Catalytic amino acids are numbered in the order B.ovatus/ 
B.thetaiotaomicron/PJDR2. Residues that are predicted to interact with 
xylose in the B. ovatus (W249 andV426) and Pjdr2 Agu115A (W222 and 
M401) proteins are also shown. (Color figure online) 

development in two different solvents, the MeG standard 
shows mobility slightly less than xylose and is not retained 
on a 3000MWCO filter. The polymeric MeGXn did not move 
from the origin and was completely removed by filtration. 
Pjdr2 Xyn10A1 generates MeGX3 (UXX), X1, and X2 as the 
predominant limit products, and the inclusion of Pjdr2 Agu67 
along with Xyn10A1 shows the complete conversion of UXX 
to MeG, X1, and X2. Pjdr2 Xyn11 generates both MeGX4 

(XUXX) and MeGX3 (XUX) along with X1, X2, and X3. 

Fig. 4 Processing of MeGXn by GH10/GH67 and GH11/GH115 
systems in Pjdr2. Products generated by the action of recombinant 
Pjdr2 Xyn11 and/or Agu115A and/or Agu67 or Xyn10A1 and/or 
Agu115A and/or Agu67 with sweetgum MeGXn as substrate. The 
enzymes (0.5 units of each) were incubated in 100-μl reaction mixtures 
containing 0.2 % sweetgumMeGXn in 50 mM sodium acetate buffer, pH 
6.5, at 30 °C for 16 h. Except for lanes 1 and 3, samples were filtered and 
resolved by TLC with plate development in chloroform/acetic acid/water 
(6:7:1) followed by a second development in ethyl acetate/acetic 

acid/water (2:1:1) as described in the BMaterials and methods^ section. 
Lane 1, MeG unfiltered; lane 2, MeG prefiltered; lane 3, MeGXn 

unfiltered; lane 4, MeGXn prefiltered; lane 5, Xyn10A1; lane 6, 
Xyn10A1/Agu67; lane 7, Xyn11; lane 8, Xyn11/Agu115; lane 9, 
Agu67; lane 10, Agu115;  lane 11, Xyn10A1/Agu115; lane 12, Xyn11/ 
Agu67; lane 13, xylose (X1) 10 nmol, xylobiose (X2) 10 nmol, xylotriose 
(X3) 20 nmol, xylotetraose (X4) 10 nmol; lane 14, MeGX1, MeGX2, 
MeGX3, and MeGX4 aldouronates, 10 nmol each 
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The inclusion of Pjdr2 Agu115A along with Xyn11 shows 
complete conversion of XUXX and XUX to MeG, X1, X2, 
and X3 (Fig. 4). The incubation of Agu115Awith Xyn11 also 
shows release of MeG in quantities observed for the release of 
MeG with XUXX as a preferred substrate (Fig. 2). Incubation 
of MeGXn or XUXX with Agu67 shows no release of MeG. 
Incubation of MeGXn with Agu115A shows significant re-
lease of MeG in quantities comparable to that seen with com-
bination of Xyn11 and Agu115A, indicating that Agu115A 
efficiently removes MeG from polymeric MeGXn. Xyn11 
with Agu67 did not release detectable MeG as expected from 
previous studies on the specificity of GH67 α-glucuronidases 
for UXX or a substrate in which 4-O-methylglucuronate is α-
1,3-linked to the reducing terminal xylose in β-1,4-linked 
xylooligosaccharides (Nong et al. 2009). Agu115A did release 
some MeG from UXX, the product generated by Xyn10A1 

(Figs. 2 and 4), indicating some activity that was also seen in 
Table 1. 

To understand the role the GH115 and the GH67 α-
glucuronidases might contribute to the metabolic potential of 
Pjdr2, cultures were grown on the products generated from 
MeGXn by each enzyme and compared with growth on and 
utilization of MeGXn and methylglucuronoxylose (U) pre-
pared from dilute acid hydrolysates of MeGXn (Fig. 5). 
Growth measured as total cell protein (Fig. 5a) was most rapid 
with MeGXn followed by UXX followed and XUX followed 
by U followed by XUXX. Rates and extent of substrate utili-
zation were proportional to rates and growth yields (Fig. 5b). 

Carbon catabolite repression of Xyn11/Agu115 
and Xyn10/Agu67 systems in Pjdr2 

Transcriptomic studies following growth of Pjdr2 on different 
substrates (Sawhney et  al.  2015) showed coordinate 

expression of agu115A and xyn11 and expression of a  
GH10/GH67 xylan utilization regulon. Both agu115A and 
xyn11 showed increased expression levels on sweetgum- and 
sorghum-derived xylans. The RPKM values of  agu115Awere 
268.8 and 169.4 on sweetgum- and sorghum-derived xylans, 
respectively, compared to yeast extract (YE) cultures without 
carbohydrate supplementation serving as controls, with only 
5.2 as the RPKM value. The RPKM values of xyn11 were 14.6 
and 104.8 on sweetgum- and sorghum-derived xylans, respec-
tively, compared to YE controls with 2.1 as the RPKM value. 
However, the expression of both these genes was lower during 
Pjdr2 growth on glucose (Fig. 6). agu115A and xyn11 showed 
4.3 and 0.4 as RPKM values, respectively, on glucose as sub-
strate (Sawhney et al. 2015, 2016). The candidate cre se-
quences were identified by screening the upstream regions 
of the xyn11 and agu115A genes in Pjdr2 and are listed in 
Table 2. These data support a system in which the expression 
of agu115A and xyn11 genes in Pjdr2 is subject to catabolite 
repression by glucose. 

Discussion 

Of the three genes, Pjdr_1125, 5528, and 5977, with some 
degree of homology to genes encoding previously character-
ized GH115 α-glucuronidases, only Pjdr2_5977 provided a 
recombinant product that showed activity on MeGXn. In con-
trast to Pjdr2 Agu115A, Sc Agu115 from S. commune and Ps 
Agu115 from P. stipitis show little or no preference for the 
aldouronates generated by Xyn11 or Xyn11 and Xyn30 com-
binations compared to aldouronates generated by Xyn10. 
Both of these fungal enzymes are secreted and catalyze release 
of most of the MeG from polymeric MeGXn with or without 
the assistance of secreted endoxylanases (Chong et al. 2011; 
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Fig. 5 Growth and aldouronate utilization by Pjdr2. MeGXn was 
prepared from sweetgum and served as substrate for the production of 
aldouronates. XUX and XUXX were prepared from B. subtilis lines, 
UXX from Pjdr2 Xyn10A1 digestion,  and U from dilute acid 
hydrolysates of MeGXn. Cultures containing 0.1 % concentrations of 

MeGXn (filled circles), UXX (open circles), XUX (open triangles), 
XUXX (filled inverted triangles), and U (filled squares) were incubated 
and analyzed as described in the BMaterials and methods^ section. a Cell 
protein and b carbohydrate utilization 
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Fig. 6 GH11/GH115 system gene expression in Pjdr2. RPKM (reads per 
kilobase per million reads sequenced) values from transcriptomic studies 
(Sawhney et al. 2015, 2016) following Pjdr2 growth on 0.5 % yeast 
extract with 0.5 % of either sweetgum MeGXn (SG ), sorghum 
MeGAXn (SO ), or glucose (G ). Cultures with 0.5 % yeast 

Ryabova et al. 2009). Agu115 from B. ovatus has also been 
characterized and shows a preference for XUXX (Rogowski 
et al. 2014). These differences support different roles in which 
the secreted fungal GH115 α-glucuronidases may remove 
MeG substitutions to increase susceptibility to secreted 
GH10 and GH11 endoxylanases compared to the intracellular 
bacterial GH115 α-glucuronidases which act on the products 
of extracellular xylanases after transport into the cells. 

Of the three Pjdr2 GH115 genes described above, only 
Pjdr2_5977 showed upregulation in cultures containing 
MeGXn or MeGAXn (Sawhney et al. 2015), indicating that 
Pjdr2 Agu115A is the only GH115 utilized by Pjdr2 for xylan 
processing. The activity of Agu115A from Pjdr2 with XUXX 
and XUX supports its role in the processing of the aldouronate 
products generated by the Xyn11 xylanase secreted by Pjdr2. 
This distinguishes a functional role for this enzyme from the 
Pjdr2 Agu67 α-glucuronidase which is specific for UXX 
(Nong et al. 2009). The basis for the Agu67 specificity for 
UXX, the common product of GH10 xylanases, has been well 
established in different organisms (Biely et al. 2000; Nagy 
et al. 2003; Golan et al. 2004). 

The structural properties of Pjdr2 Agu115 inferred through 
homology modeling and its similarity to B. ovatus Agu115A 

extract without carbohydrate (YE )  served as controls for 
comparison. ANOVA analysis was performed over the entire RNA-seq 
transcriptome data set, and significant values are judged as having 
p values less then 0.01 

are consistent with a functional role for the utilization of the 
products generated by a Xyn11 enzyme. The signal sequence 
in xyn11 and the absence of a signal sequence in agu115A 
predicts that XUXX as well as XUX generated extracellularly 
are transported into the cell and processed by Agu115A intra-
cellularly to release X4 and X3 for catabolism. Support for this 
role is found in the ability of Pjdr2 to utilize XUXX and XUX 
for growth (Fig. 5) and by the coordinate expression induction 
of both these genes in cultures with MeGXn or MeGAXn as 
substrate (Sawhney et al. 2015). The lack of expression of 
these genes with glucose as substrate (Fig. 6), as well as the 
identification of catabolite repression (cre) sequences within 
these genes (Table 2), supports coordinate regulation via ca-
tabolite repression. As in the case of the genes encoding the 
GH10/GH67 system in Pjdr2 (Chow et al. 2007), the genes 
encoding the GH11/GH115 system are likely subjected to 
glucose repression by the carbon catabolite repression 
(CCR) system common to the  Firmicutes (Moreno et al. 
2001; Singh et al. 2008). It is surprising that the intracellular 
Pjdr2 Agu115A is similarly active as the Agu115 enzymes 
secreted by the fungi, S. commune and P. stipitis, with respect  
to their abilities to efficiently catalyze release of MeG from 
polymeric MeGXn. However, the greater activity of Pjdr2 

Table 2 Candidate cre sequences 
upstream of genes Candidate sequence and distance from translation start site aSimilarity to canonical sequence Gene 

5′-TGWAANCGNTNWCAb 14 

5′-TGAAAATTAAA#CA*—85 nt—ATG– 10/14 bases agu115 

5′-TGTAAA##ATTA#A*—159 nt—ATG– 11/14 bases xyn11 

Asterisk indicates candidate cre sequence identified from upstream region of these genes; number symbol indi-
cates gap 
a Number of matching residues/total number of residues in the sequence reflecting similarity to cre canonical 
sequence 
b The canonical sequence (Cho and Choi 1999); W = A,T and N = A,C,G,T 
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Agu115 with XUXX and XUX suggests that its role is to 
complement the Pjdr2 Agu67 enzyme for processing 
aldouronates imported into the cell. 

Options  available  to Pjdr2  for processing  both  
methylglucuronoxylans and methylglucuronoarabinoxylans 
are presented in Fig. 7. Pjdr2 contains a gene (locus tag 
4367) selectively up-regulated following growth on 
MeGAXn compared to MeGXn that encodes a GH43 glyco-
side hydrolase (Sawhney et al. 2015). This is an ortholog of 
the xynD gene in B. subtilis 168 that encodes an arabinoxylan 
arabinofuranohydrolase  (Axh43)  which  hydrolyzes  
arabinofuranosyl residues linked to the 3′ hydroxyl groups 
of xylose in the xylan chain, converting MeGAXn to 
MeGXn for digestion by endoxylanses (Rhee et al. 2016). 
The GH10/GH67 system is presumed to utilize the ABC 
transporter complex containing the UgpB, LplB, and UgpE 
proteins encoded by genes within a cluster of genes encoding 
the Agu67A α-glucuronidase, Xyn10A2 endoxylanase, and a 
putative GH43 β-xylosidase Xyn43B1. The co-regulation of 
expression of transporter genes along with genes encoding 
transcriptional AraC and histidine kinase regulatory proteins 
supports their collective role as a xylan utilization regulon 
(Chow et al. 2007; Nong et al. 2009). From physiological 
studies, it is apparent that the GH10/GH67 system allows 
the rapid and nearly complete utilization of polymeric sub-
strates. Extracellular depolymerization catalyzed by a cell-
associated xylanase with carbohydrate-binding domains 
followed by assimilation of products allows the capture and 
metabolism of xylose in both aldouronates and oligoxylosides 
generated during extracellular depolymerization. Based upon 
transcriptome analysis with MeGXn and MeGAXn as sub-
strates, the assimilation of aldouronates generated by Pjdr2 
Xyn11 may utilize the same transporters used to assimilate 
the aldouronates generated by Pjdr2 Xyn10A1 (Sawhney 
et al. 2015). It is interesting to note than the rate of utilization 

of UXX generated by Xyn10A1 and XUX generated by 
Xyn11 is similar and significantly greater that the rate of uti-
lization of XUXX (Fig. 5). This may reflect the use of a com-
mon transporter that discriminates on the basis of size of 
transported aldouronate. The xylan-utilization regulon in 
Pjdr2 that includes genes encoding Agu67 and the cell-
associated Pjdr2 Xyn10A1 also includes structural genes 
encoding an intracellular Xyn10A2 which, along with a 
GH43 β-xylosidase (Xyn43B1), may contribute to the pro-
cessing of X3 and X2 following the release of MeG from 
UXX (Nong et al. 2009). Importation of some of the XUXX 
may be followed by removal of the nonreducing terminal xy-
lose catalyzed by Xyn43B1 to allow removal of MeG with 
Agu67 serving as an alternative to removal of MeGA by 
Agu115A (Fig. 7). The XUX generated by Pjdr2 Xyn11 
would presumably be totally dependent on Agu115A for sub-
sequent metabolism. Further definitions of these processes 
through selective gene deletion are needed. 

A recombinant form of the GH115 secreted by S. commune 
has been shown to enhance the bioprocessing of softwood 
derived from Norway spruce MeGAXn and significantly in-
crease the release of fermentable sugars above those released 
by endoxylanases and arabinofuranosidases (McKee et al. 
2016). The Pjdr2 Agu115A may be produced in a quantity 
for addition to enzyme mixtures to enhance the digestion of 
lignocellulosic resources by defined mixtures of xylanolytic 
enzymes. In addition to its potential role in processing 
methylglucuronoxylans with Xyn11, the Pjdr2 Agu115A al-
lows the processing of XUX derived from the combined ac-
tion of GH11 and GH30 xylanases. B. subtilis 168 secretes 
GH11 and GH30 endoxylanases that synergistically process 
methyglucuronoxylans to release X2 and X3 for metabolism. 
A l l of the  MeG  in methy lg lucuronoxylans and  
methylglucuronoarabinoxylans, which may represent on aver-
age 1 in 6–12 xyloses, accumulates as XUX which is not 
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Fig. 7 Scheme for bioprocessing methylglucuronoxylan (MeGXn) by
GH10/GH67 and GH11/GH115 systems in Paenibacillus sp. JDR-2. 
Endoxylanases, Xyn10A1 (Pjdr2_0221) and Xyn11 (Pjdr2_4664); α-
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and UgpE (Pjdr2_1320, 1321, 1322); U, methylglucuronosyl residue 
linked to xylose residue; X xylose 
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metabolized in B. subtilis (Rhee et al. 2014). Based upon 
genome sequences, the GH11/GH30 system for processing 
xylans is common to many Bacillus and Paenibacillus spp., 
providing a resource to other bacteria that encode intracellular 
GH115 α-glucuronidases. The Pjdr2 Agu115A may then be 
considered as a candidate for engineering fermentative 
Bacillus and Paenibacillus spp. secreting GH30 and GH11 
xylanases for developing bacterial biocatalysts to efficiently 
produce targeted products from lignocellulosic resources. 
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