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Xylobiose is a prebiotic sugar that has applications in functional foods. This 
report describes the first X-ray crystallographic structure models of apo and 
xylobiose-bound forms of a xylobiohydrolase (XBH) from Acetivibrio clari-
flavus. This xylan-active enzyme, a member of the recently described gly-
coside hydrolase family 30 (GH30), subfamily 10, phylogenetic clade has 
been shown to strictly release xylobiose as its primary hydrolysis product. 
Inspection of the apo structure reveals a glycone region X2-binding slot. 
When X2 binds, the non-reducing xylose in the �2 subsite is highly coordi-
nated with numerous hydrogen bond contacts while contacts in the �1 subsite 
mostly reflect interactions typical for GH30 and enzymes in clan A of the 
carbohydrate-active enzymes database (CAZy). This structure provides an 
explanation for the high functional specificity of this new bacterial GH30 
XBH subfamily. 

Keywords: Acetivibrio clariflavus; cellulosome; GH30_10; glycoside 
hydrolase; prebiotic; xylobiohydrolase 

Several enzyme subfamilies categorized as members of 
glycoside hydrolase (GH) family 30 (GH30), group 2 
show specificities in the hydrolysis of hemicellulosic 
polysaccharides [1,2]. Both GH30 subfamilies 7 and 8 
(GH30_7 and GH30_8) hydrolyse the main-chain b-
1,4-linkage of xylan but with different modes of action 
[2–7]. GH30_8 enzymes are almost completely of bac-
terial origin and are shown to be glucuronoxylanases 
(GXNs). These enzymes hydrolyse the b-1,4 linkage of 
glucuronoxylan directed by a a-1,2-linked 4-O-methyl-

glucuronic acid (or a-1,2-glucuronic acid, both synony-
mous in this work and abbreviated GA) xylan main-

chain appendage [8,9]. A small subset of enzymes 
within the GH30_8 subfamily have a high amino acid 

Abbreviations 

identity to the canonical functioning GXNs; neverthe-
less, they lack the GA recognition specificity [10,11]. 
These unique bacterial GH30_8 endoxylanases are 
missing functional GA specificity due to an altered 
amino acid sequence in the typically conserved b8-a8 
loop. This loop region is prominently involved in the 
GA coordination which is required for proper sub-
strate association for subsequent hydrolysis. 
In contrast to the GH30_8 GXNs, GH30_7 enzymes 

are primarily fungal in origin and as not uncommon, 
this phylogenetic clade also includes members of the 
bacteria phylum Actinobacteria. Members of subfam-

ily 7 are now shown to represent several functionally 
distinct modes of action in their hydrolysis of the b-

CAZy, carbohydrate-active enzymes database; CD, catalytic domain; GA, a-1,2-linked 4-O-methyl-glucuronic acid or a-1,2-glucuronic acid; GH, 

glycoside hydrolase; GH30, glycoside hydrolase family 30; GH30_X, X = GH30 subfamily designation; GXN, glucuronoxylanase; U4m2X, 

22-(4-O-methyl-a-D-glucuronosyl)-xylobiose; X2, xylobiose; XBH, xylobiohydrolase; XU
4m2X, 22-(4-O-methyl-a-D-glucuronosyl)-xylotriose. 
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1,4-xylan bond. These xylan-centric functions appear 
remarkably varied for enzymes within the same phylo-
genetic subfamily. This indicates the ability of an 
evolved endo-functioning substrate-binding cleft to be 
repurposed with minor amino acid alterations. These 
xylan-specific properties include: (a) GXN activity [4] 
that functions similarly to the canonical bacterial 
GH30_8 GXNs [3,8]; (b) bifunctional GXNs with an 
additional secondary non-reducing-terminal xylobiohy-
drolase (XBH) activity [12–15]; (c) a primary XBH 
[16], a reducing-end xylose-releasing exoxylanase 
(REX) [5,17,18]; and (d) several enzymes with activities 
that have been described broadly as endoxylanases 
[19–21]. Two other GH30_7s have also been character-
ized biochemically, but to a lesser extent of detail 
[6,22]. One of these, xylanase D (XylD) from Bispora 
sp. MEY-1, is described as yielding xylose as its pri-
mary product which suggests that it might function as 
a REX [6]. The other, xylanase C (XynC) from Peni-
cillium purpurogenum, makes xylobiose as its major 
product, suggesting that it might function as either a 
XBH or endoxylanase [22]. Given that these last two 
enzymes which are reported to have different functions 
share ca. 55% sequence identity (ID), the phylogenetic 
and functional incongruence observed in GH30 sub-
family 7 becomes evident. An all-against-all pairwise 
sequence comparison of all the enzymes described 
above results in an average ID of ca. 44%, confirming 
that these enzymes constitute a single-enzyme subfam-

ily with diversified enzymatic functions. The singular 
unifying aspect of GH30_7s is that they all hydrolyse 
the b-1,4 linkage of xylan resulting in different 
products. 
The bifunctional GH30_7 GXN/XBH xylanases 

described above each appears to have a primary GXN 
function and a secondary XBH activity. These com-

bined functions are complementary and allow a single 
enzyme to release most of a glucuronoxylan chain as 
xylobiose (X2) with lesser amounts of aldouronates. 
However, unless shown otherwise, it can be anticipated 
that these multifunctional xylan-active enzymes have 
reduced functional specificity and hydrolysis rate, 
which may hinder their use in industrial processes. The 
strict fungal XBH identified above derives from Acre-
monium alcalophilum (AaXyn30A) [16] and was also 
shown to have a minor endoxylanase activity, 
although a review of the publication indicates high 
enzyme loading was used in these experiments [23]. 
Recently, a bacterial GH30 XBH which does not clas-

sify as a GH30_7 has been characterized by two separate 
research groups [23,24]. AcXbh30A was originally iden-
tified as a primary enzyme component of the cellulo-
some assembly of Acetivibrio clariflavus (basonym: 

Clostridium clariflavum) [25]. That original report identi-
fied AcXbh30A as a GH30 enzyme and reported detec-
tion of xylanase activity. The first follow-up publication 
thoroughly detailed enzyme–substrate interactions and 
identified a secondary endoxylanase activity [24]. The 
second publication identified AcXbh30A as having rela-
tively thermostable functional characteristics, described 
it as being a strict xylobiohydrolase when used under 
optimal reaction conditions and proposed its classifica-
tion as a new subfamily of bacterial xylobiohydrolases: 
GH30_10 [23]. 

In this study, we report the high-resolution three-
dimensional X-ray crystallographic structure of the 
GH30_10 XBH AcXbh30A-CD (referred to as 
AcXbh30A throughout this work). These findings 
detail the molecular contacts that establish the glycone 
region X2-binding slot. The aglycone +1 subsite is 
unique relative to the better characterized GH30_7/8 
xylan-active enzymes. Conservation in the substrate-
binding cleft is analysed broadly with comparisons to 
structurally characterized, related GH30 subfamily 
homologs. Understanding the molecular function of 
this xylobiohydrolase will allow for the rational design 
of the enzyme to achieve improved or altered func-
tional properties. 

Materials and methods 

Biochemicals 

All biochemicals used in this work were of the necessary 
grade or better for their intended usage. Xylobiose was 
acquired from Megazyme (Bray, Ireland). 

Amino acid sequence comparisons 

Bioinformatic analysis was performed using protein sec-
ondary structure influenced primary amino acid sequence 
alignments generated using MAFFT 7 [26,27] (https://mafft. 
cbrc.jp/alignment/server/). Structural information was pro-
vided to MAFFT from a T-COFFEE EXPRESSO alignment [28] 
composed of all structurally characterized GH30 sequences 
including the AcXbh30A-CD structure reported here. All 
characterized GH30 enzymes (and others of interest) repre-
senting all subfamilies were collected and aligned using 
MAFFTauto with the generated Expresso alignment (derived 
from all GH30 structures) used for structure restraints. 

Secondary structure restrained MAFFTauto alignments 
were transferred into MEGAX [29] where evolutionary history 
was inferred using the maximum-likelihood method and 
Le_Gascuel_2008 model [30]. The Bootstrap consensus tree 
inferred from 200 replicates [31] is taken to represent the 
evolutionary history of the taxa analysed. The percentage 
of replicate trees in which the associated taxa clustered 
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together in the Bootstrap test is shown next to the branches 
[31]. Initial tree(s) for the heuristic search were obtained 
automatically by applying Neighbor-Joining and BioNJ 
algorithms to a matrix of pairwise distances estimated using 
a JTT model, and then selecting the topology with a supe-
rior log-likelihood value. A discrete gamma distribution 
was used to model evolutionary rate differences among 
sites (5 categories (+G, parameter = 2.2962)). The rate vari-
ation model allowed for some sites to be evolutionarily 
invariable ([+I], 0.43% sites). A consensus tree was manu-

ally rooted at the branch connecting GH30 group 1 and 
group 2 sequences. Evolutionary analyses were conducted 
in MEGA X [29]. 

DNA cloning 

The DNA expression plasmid encoding the catalytic mod-

ule of AcXbh30A (AcXbh30A-CD) was recently described 
[23] (UniProt Accession: G8LU16). Briefly, the secretion 
signal peptide was truncated at the Signal-P [32] predicted 
signal peptidase cleavage site with the inclusion of a N-

terminal methionine, and the C-terminal was altered by 
removal of the C-terminal type I dockerin domain and the 
inclusion of a His-Tag. Amino acid regions for cloning 
were determined through alignments with well-

characterized GH30 homologs. The final expression con-
struct consists of the amino acid sequence 
MASTVTVD. . ..DTESASLEHHHHHH. 

Protein expression and purification 

Protein expression and expression culture processing were 
performed as recently described [23] using a modified 
autoinduction method originally described by Studier [33] 
at 18 °C for over 30 h. Harvested cell pellets resulting from 
125 mL expression cultures were processed immediately or 
frozen at �80 °C. Fresh or thawed cell pellets were resus-
pended in cell processing buffer and lysed by sonication 
and a cell-free extract was applied to a 1 mL HisTrap HP 
column (Cyvita Life Sciences, Marlborough, MA, USA) 
and eluted with a 20-column volume (CV) 0–500 mM imi-

dazole gradient. The left-most peak, ‘peak A’, was concen-
trated and exchanged into 20 mM Tris base pH 7.0 
containing 2 mM b-mercaptoethanol. This was then further 
separated on a Mono-Q column in the same buffer with a 
0–500 mM, 20-CV sodium chloride gradient and again fol-
lowing desalting with a 0–125 mM sodium chloride gradi-
ent. The collected peak was concentrated and exchanged 
into 20 mM HEPES pH 8, 250 mM sodium chloride, 2 mM 

dithiothreitol and lastly purified using size exclusion chro-
matography using a Superdex 200 pg column in the same 
buffer. The isolated AcXbh30A was concentrated using a 
10 kDa MWCO Amicon Ultra centrifugal filtration device 
(Sigma Millipore, Burlington, MA, USA) to 37 mg�mL�1 

and flash cooled by dripping into liquid nitrogen. This 

preparation was used for kinetic analysis [23] and was 
sent to Argonne National Laboratory, Structural Biology 
Center, for crystal screening. 

Protein crystallization, data collection and model 
building 

Crystal screening was performed at Argonne National Lab-
oratory, Advanced Protein Characterization Facility. High-

throughput crystallization was performed using a Mosquito 
Nanoliter Liquid Handler (TTP LabTech, Concord, CA, 
USA). AcXbh30A was subjected to crystallization screening 
as protein only and with the hydrolysis product X2 at a 
AcXbh30A:X2 molar ratio of 1 : 5 using the sitting drop 
vapour diffusion technique in 96-well CrystalQuick plates 
(Greiner, Monroe, NC, USA). The crystallization screens, 
Index (Hampton Research, Aliso Viejo, CA, USA) and 
PEGs II (Molecular Dimensions, Holland, OH, USA), were 
used for the screening at a temperature of 16.0 °C. For 
each condition, 0.4 lL of  AcXbh30A at 37 mg�mL�1 or 
AcXbh30A/X2 complex and 0.4 lL of precipitant solution 
were mixed; the mixture was equilibrated against 140 L of 
the precipitant solution in each reservoir well. Cryoprotec-
tant includes mother liquor with 25% glycerol. They were 
then flash cooled in LN2 and used to collect X-ray diffrac-
tion data at 100 K and a wavelength of 0.9792 A. All data 
acquisitions were done at the 19ID beamline of the Struc-
tural Biology Center at the Advanced Photon Source at 
Argonne National Laboratory using the program SBCcol-
lect [34]. The intensities of each data set were integrated 
and scaled with the HKL3000 program suite (Table 1) [35]. 
Phasing by molecular replacement was performed using the 
program MOLREP [36] using a SWISS-MODEL-generated 
homology model [37] of AcXbh30A for the native crystal 
data set and then subsequently with a partially refined apo-
AcXbh30A for the X2 cocrystal dataset. Structure model 
refinement was accomplished with iterative cycles of 
restrained refinement using the program REFMAC [38] 
and real space refinement in COOT [39]. Final model valida-
tion was performed using MOLPROBITY [40]. Structure analy-
sis and figure preperation of protein structure models was 
performed using PYMOL [41]. Two-dimensional contact map 
was generated using LIGPLOT+ [42]. 

Results and discussion 

The first structure of a new GH30 subfamily 

An earlier published work [23] suggested that 
AcXbh30A and its closest members constituted a new 
phylogenetically and functionally distinct GH30 sub-
family of bacterial XBHs. A phylogenetic tree (Fig. 1) 
represents this distinction showing the known GH30 
subfamilies (1–10) and highlighting those enzymes used 
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Xylobiose bound xylobiohydrolase protein structure 

Table 1. Summary of crystallographic data. 

AcXbh30A/ 

Data collection statistics AcXbh30A Xylobiose 

Space group P21 P21 

Unit cell (A, °) a = 59.87 a = 59.14 

b = 108.0 b = 107.5 

c = 66.84 c = 66.86 

b = 90.14 b = 89.99 

Twinning operator H, -K, -L H, -K, -L 

MW Da (residue) 48 832 (435)a 48 832 (435)a 

Mol (AU) 2 2 

Wavelength (A) 0.9792 0.9792 

Resolution (A) 1.28 1.50 

Number of unique refections 211 708 125 373 

Rmerge (%) 11.0 (102.1)b 9.9 (94.6)c 

Completeness (%) 96.9 (95.3)b 93.8 (91.6)c 

Redundancy 3.7 (3.3)b 2.7 (2.6)c 

I/(r) 20.0 (1.05)b 17.7 (1.60)c 

Solvent content (%) 0.43 0.42 

Phasing 

Resolution range (A) 41.2–3.00 34.2–3.00 

Correlation coeffcient (%) 18.4d 64.0e 

Refnement 

Resolution range (A) 41.2–1.28 34.2–1.50 

Number of refections 211 560 124 905 

Completeness (%) 96.3 93.7 

Rwork/Rfree (%) 20.2/25.4 16.5/21.4 

Twinning fraction (%) 48.0 34.0 

No. of atoms (protein/HETATM) 6903/752 6883/712 

Bond lengths (A) 0.001 0.003 

Bond angles (deg) 0.392 0.565 

B-factors (A2) (main/side chain) 14.0/16.3 14.1/15.9 

Wilson B-factor (A2) 11.8 12.30 

MOLPROBITY validation 

Ramachandran outliers (%) 0.23 0.23 

Ramachandran favoured (%) 96.64 96.28 

Rotamer outliers (%) 0.53 0.00 

Clashscore 3.84 2.73 

MOLPROBITY score 1.40 1.35 

PDB ID 7N6H 7N6O 

aNot including N- and C-terminal vector-derived residues M and 
cLEHHHHHH respectively; bLast resolution bin, 1.28–1.30 A; Last 

resolution bin, 1.50–1.53 A; dMolecular replacement method with a 

model from SWISS-MODEL as a search template; eMolecular 

replacement method with a refned structural model of apo form of 

AcXbh30A as a search template. 

for structure comparison in this report. This tree dis-
tinguishes AcXbh30A from bacterial GH30_8 endoxy-
lanases and the functionally diverse fungal GH30_7 
xylan-active enzymes. The clade in which GH30_10 
places contain additional enzymes which are believed 
to represent other b-1,4-xylan activities. However, sev-
eral have been checked for obviously related activities, 
and only one, the enzyme from Gracilibacillus dip-
sosauri (UniProt accession: A0A317L0T6), shows 

F. J. St John et al. 

activity in the hydrolysis of the b-1,4-xylan linkage 
[23]. For comparison, the GH30_7 enzymes are impor-

tant as having both dual-function XBH activity [5,14] 
and primary XBH activity (AaXyn30A) [16] that are 
categorized in the subfamily. Of all the compared 
enzymes, only the latter does not have a corresponding 
X-ray crystallographic protein structure available for 
comparison. This enzyme also was shown to generate 
a mixture of endo-hydrolytic products when used at 
high enzyme levels. 
Figure S1 presents a large phylogenetic analysis of 

GH30 group 2 enzymes. This phylogram analysis rep-
resents a state-of-the-art depiction of the subfamily 
diversity of GH30 group 2 enzymes [1,2,23,43]. Most 
recently, GH30_10, which is being structurally charac-
terized in this report, was biochemically characterized 
[23,24], and GH30_11 was identified and shown to 
have a galactobiohydrolase activity [1]. Importantly, 
the authors considered this a fungal clade, but as it is 
observed in numerous other instances, bacteria of the 
phylum Actinomycetota (basionym: Actinobacteria) 
[44] also populate this clade (Fig. S1). The GH30 
group 2 sequence dataset selection was developed 
through numerous iterations of MAFFT alignment fol-
lowed by NJ tree generation in which outliers were 
selected for subsequent BLASTp search queries, highly 
homologous sequences were removed and the process 
repeated. In this manner of manual dataset resam-

pling, a final maximum-likelihood Bootstrap phylo-
gram is presented (Fig. S1). These details provide 
insight into the diversity of this group of related 
GH30 enzymes. 

The AcXbh30A protein expression and 
purification 

The AcXbh30A enzyme utilized in these studies con-
sisted of the main GH30 (b/a)8 + b [45] core catalytic 
domain (CD) having the natively encoded N-terminal 
secretion signal sequence and C-terminal dockerin 
domains removed. This (b/a)8 + b fold is common to 
the GH30 enzymes as well as several other glycoside 
hydrolase families, and for GH30 enzymes, data sug-
gest this fold represents a minimum functional cat-
alytic unit [2,46]. The AcXbh30A expression product 
required rigorous purification to resolve two solution 
state forms. The form used in this work and also for 
the previous biochemical characterization [23] is con-
sistent with monomeric protein that yielded tight peaks 
by both size exclusion and Mono-Q anion-exchange 
chromatography. This form of AcXbh30A was purified 
away from an apparent higher-molecular-weight 
aggregate. 

2452 FEBS Letters 596 (2022) 2449–2464 Published 2022. This article is a U.S. Government work and is in the public domain in the USA. 
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Fig. 1. A phylogram showing GH30 subfamily divisions and highlighting the structurally characterized xylan-active enzymes and others used 

for comparisons in this research report. For this tree, all biochemically and/or structurally characterized GH30 enzymes (along with a few 

uncharacterized GH30s) have been included. The alignment was performed using MAFFTauto with structure restrains provided. This Bootstrap 

maximum-likelihood tree was prepared using MEGAX. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates 

are collapsed. This analysis involved 52 amino acid sequences. There was a total of 807 positions in the fnal dataset. This Bootstrap con-

sensus tree was manually rooted at the branch connecting GH30 group 1 and group 2 sequences. Red: GH30_10; green: GH30_8; blue 

GH30_7. Tip labels consist of the GH30 subfamily if known, PDB or UniProt accession number, organism name (frst letter genus, species 

name), followed by the protein designation if available. 
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Crystallization, data refinement and model 
building 

AcXbh30A was stable at high concentrations and crys-
tal screening was performed using a preparation at 
37.0 mg�mL�1. AcXbh30A and AcXbh30A mixed with 
a 59 molar excess of X2 resulted in large crystals 
grown under several crystallization conditions. Crystals 
of both AcXbh30A and the AcXbh30A/X2 complex 
grown in the presence of 0.1 M sodium acetate pH 4.6, 
25% (w/v) PEG 4000 (condition #38 of PEGS II 
Screen), were harvested and cryoprotected in mother 
liquor containing glycerol and flash cooled in liquid 
nitrogen. Cryoprotected crystals were used to collect 
X-ray diffraction data. The apo-AcXbh30A crystal dif-
fracted to nearly atomic resolution of 1.28 A and the 
X2-AcXbh30A complex diffracted to 1.50 A. Scaling 
these data sets resulted in overall Rmerge values 
of 11.0% and 9.90% respectively (Table 1). Both 
AcXbh30A and X2-AcXbh30A complex crystalized 
into the P21 space group and were twinned with the 
twinning operators H, -K and -L. The asymmetric unit 
of each crystal form contained two molecules of 
AcXbh30A and contained approximately 42% solvent. 
Refined structure models of the apo- and X2-bound 
crystal forms of AcXbh30A were 96.3% and 93.7% 
complete, had twinning fractions of 48.0% and 34.0% 
and had overall B factors of 11.8 A and 12.3 A respec-
tively. Structure model validation using MOLPROBITY 

[40] showed both structures to have greater than 96% 
amino acids in favoured Ramachandran positions and 
yielded MOLPROBITY scores of 1.40 and 1.35 for the 
apo- and X2-bound structures respectively (Table 1). 

AcXbh30A X-ray crystallographic model overview 

The protein structure model of apo-AcXbh30A (PDB 
accession: 7N6H) shows the expected GH30 dual-

domain fold common to GH30 enzymes [2] (Fig. 2A). 
This family of enzymes belongs to Clan A of the Carbo-
hydrate Active Enzymes Database [47,48] (http://www. 
cazy.org). GH30 enzymes are one of several CAZy Clan 
A enzyme families often referred to as 4/7 hydrolases 
because the catalytic residues, in this case, two gluta-
mate side chains, are juxtaposed on the 4 and 7 b-sheets 
of the barrel structure [45]. In  AcXbh30A, the catalytic 
nucleophile is Glu261 and the catalytic acid/base cata-
lyst is Glu168, as shown in the centre of the (b/a)8 barrel 
(Fig. 2A). The nucleophile position was originally iden-
tified through enzyme mechanistic chemical inactivator 
studies [49] and the catalytic acid/base catalyst was pre-
dicted based on homology [50]. This (b/a)8 + b fold 
consists of the (b/a)8 barrel flanked by two sections of a 

9-stranded anti-parallel b-sandwich structure previously 
described as the ‘side b-structure’. Two groups of GH30 
enzymes have been defined based on how the side b-
structure b-sheets are split between the N-terminal and 
C-terminal flanks of the intervening (b/a)8 barrel [2]. 
AcXbh30A classifies as a GH30 group 2 enzyme having 
only a single strand of its side b-structure, b-strand 1 
(bs1, Fig. 2B), located on the N-terminal side of the (b/ 
a)8 barrel. Because of this secondary structure split, the 
interface of the side b-structure involves a dual-hinge 
connection between the b-strand and barrel domains 
(Fig. 2A,B). In addition, the two domains associate 
tightly through a hydrophobic interface involving the 
outer surface of a-helixes 7 and 8, the stability of which 
is thought to contribute to enzyme function [2,46]. In its 
overall protein fold, the refined structure model of 
AcXbh30A is similar to other structurally characterized 
GH30 enzymes. 

Comparisons to other xylan-active GH30 group 2 
subfamilies 

AcXbh30A differs from these related enzymes primar-

ily in the loop regions which define substrate interac-
tions. A comparison of AcXbh30A to GH30_8 
glucuronoxylanases shows that AcXbh30A is signifi-
cantly altered in the b2-a2, b7-a7 and b8-a8 loop 
regions (Fig. 2A). With respect to these GH30 
enzymes and how they bind xylan, these loop regions 
are important to accommodate or block the extending 
xylan chain in the non-reducing direction (towards the 
b2-a2 loop), and for offering interaction points for 
xylan chain substitutions on the xyloses positioned in 
the +1 and �2 subsites (b7-a7 and b8-a8 loops). 
Xyloses positioned in these two locations are proximal 
to the catalytic centre and are oriented to allow for O2 
and/or O3 xylan chain substitution interactions to be 
accommodated. Structural alignment to the function-
ally unique (as an endoxylanase, instead of a canonical 
GXN) bacterial GH30_8 endoxylanase CaXyn30A [10] 
(Fig. 3A) reveals the openness of the bacterial endoxy-
lanase with its minimized loops. This is anticipated 
considering its function and it is representative of the 
GH30_8 GXNs. Structure alignment with the GH30_7 
endoxylanase TcXyn30C (Fig. 3B), which yields 

22the notable limit product -(4-O-methyl-a-D-
glucuronosyl)-xylobiose (U4m2X) [20,21,51], shows that 
the b7-a7 loop is similarly sized to that of AcXbh30A. 
However, both the b2-a2 and b8-a8 loops are smaller. 
Similar to the compared CaXyn30A endoxylanase, the 
minimal b2-a2 loop also highlights the described 
endoxylanase function by allowing the extending xylan 
chain to exit the substrate-binding cleft, and the smaller 
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Fig. 2. General protein fold (A) of AcXbh30A (PDB accession: 7N6H) showing the top side of the catalytic centre indicated by the 

juxtaposed glutamic acid amino acid side chains (upper image). The amino acids Glu168 and Glu261 (shown in pink) are known to serve as 

the catalytic acid–base catalyst and catalytic nucleophile, respectively [49]. Several of the barrel loop regions are indicated given their 

signifcant role in enzyme function or to guide structure visualization. A rotation of ca. ~ 135° reveals (lower image) the bottom side of the 

(b/a)8 + b fold and shows the double-hinge region which connects the central catalytic (b/a)8 barrel with the side b-structure. The distribution 

of b-sheets in this motif is represented by the N-terminal (blue) to C-terminal (red) rainbow coloration. The double-hinge structure feature of 

this type occurs in several glycoside hydrolase families [2]. A secondary structure map (B) provides a two-dimensional representation of this 

characteristic and labels secondary structure elements important to the AcXbh30A and general GH30 protein fold. Compared to other GH30 

group 2 protein structures which have a single bs1, this part of AcXbh30A is interrupted with a non-b-strand section so the naming accom-

modates this by designated bs1a and bs1b. The a-helical section labelled b1-a1 to indicate a a-helix-structured loop region at frst glance 

may be considered an extension of the a1-helix. However, this specifc secondary structure element is conserved in the GH30_7 but not 

the GH30_8 xylanases. In contrast, the two parts of the a5-helix, a5a and a5b, are observed in all GH30 group 2 structures. The a6 region is 

similar to that found in GH30_8 xylanases, but this same a-helix does not form in GH30_7 xylanases. Lastly, the b-hairpin structure within 

the b8-a8 loop is considered as such as it is not conserved in the GH30_8 xylanases. Overall, the secondary structure elements of 

AcXbh30A appear more like GH30_7 than GH30_8 xylanases. 

b8-a8 loop makes space available for main-chain appen-
dages. Both TcXyn30B (Fig. 3C) and TtXyn30A 
(Fig. 3D) are characterized as dual-function GXN/XBH 
enzymes and, given the XBH functional overlap, are 
thought to have structural aspects possibly similar to 
AcXbh30A. Upon inspection of the aligned structures, 
both TcXyn30B and TtXyn30A are clearly very similar 
(Fig. 4A) to each other, and both are more similar to 
AcXbh30A than the endoxylanases used for comparison 
(Fig. 3A,B). The most significant difference between 

these two GH30_7 dual-function xylan-active enzymes 
and AcXbh30A is in the b2-a2 loop. While this loop is 
larger than that observed in the exampled endoxylanases 
(Fig. 3A,B), it is still not as large when compared with 
AcXbh30A (Fig. 3C,D). 

Glycone region X2 coordination 

From the X2-bound structure model, xylobiose is 
observed within an X2-sized slot consisting of the �1 

FEBS Letters 596 (2022) 2449–2464 Published 2022. This article is a U.S. Government work and is in the public domain in the USA. 2455 

https://doi.org/10.2210/pdb7N6H/pdb


�

�

Xylobiose bound xylobiohydrolase protein structure F. J. St John et al. 

 18733468, 2022, 18, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14454 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [01/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

and �2 subsites. The protein surface view (Fig. 5A) 
provides a visual of the walls formed from the amino 
acids of the surrounding loop regions in which X2 

binds. In this slot, X2 was confidently modelled given 
the clear electron density as shown in Fig. 5B. The 
�1 subsite hydrogen bonds are common to GH30 
enzymes. The xylose is positioned in the correct orien-
tation within this subsite by the C2 and C3 hydroxyls 
that hydrogen bond with the d-N of Asn167 and e-N 
of Trp116, respectively (Fig. 5C,D). Also supporting 
the proper orientation of xylose in this position, the e-
N of Trp297 establishes a hydrogen bond with the O-

linkage connecting the �1 and �2 subsite xyloses. 
These three hydrogen bond contacts are often 
observed in the GH30 family and other endo-acting 
CAZy Clan A 4/7 hydrolase families [52,53]. The cat-
alytic nucleophile Glu261 e1-O is just 2.6 A from the 
�1 subsite, xylose C2 hydroxyl position, and the acid/ 

base catalyst Glu168 e2-O is 2.2 A from the anomeric 
(C1) hydroxyl indicating their direct roles in hydrolysis 
(Fig. 5C,D). 
The xylose in the �1 subsite is further positioned 

through several hydrophobic or van der Waals interac-
tions. These amino acids include Tyr175, Tyr240 
(Fig. 5D, not represented in Fig. 5C for clarity), 
Met265 and Trp297. Only Met265 which extends 
down into the substrate-binding cleft from the b7-a7 
loop (four amino acids past the catalytic nucleophile 
Glu261, Fig. 5C) is not conserved among the GH30 
group 2 xylan-active enzymes. In the bacterial 
GH30_8 endoxylanases, a side-chain hydroxyl of a 
conserved tyrosine occupies the same area as the d-S 
of Met265. This tyrosine has been predicted to estab-
lish stabilizing hydrogen bond interactions with both 
the C2 hydroxyl of the GA positioned within the -2b 
GA-coordinating subsite [8] and/or with the C3 

Fig. 3. Macro-structure comparison of AcXbh30A with structurally and biochemically characterized GH30_7 and 8 enzymes. A visual of just 

the b2-a2, b7-a7 and b8-a8 loops of AcXbh30A shown in blue, yellow and red coloration, respectively. This was overlaid with related struc-

turally characterized GH30 xylan-active enzymes from GH30_8 (A) and GH30_7 (B–D) (all in grey). In each case, the b2-a2, b7-a7 and b8-a8 

loop regions were compared to identify differential features. Comparison to the unique GH30_8 endoxylanase CaXyn30A (A, PDB accession: 

5CXP) from Clostridium acetobutylicum shows a diminutive form of both of these loop regions. Overlay comparison with the GH30_7 

endoxylanase TcXyn30C (B, PDB accession: 6M5Z) from Talaromyces cellulolyticus shows a still minor b2-a2 loop with a slightly larger b8-

a8 loop. Most comparable the two dual-function GH30_7 xylobiohydrolase/endoxylanase functioning enzymes TcXyn30B (C, PDB accession: 

6KRN) from T. cellulolyticus and TtXyn30A (D, PDB accession: 7O0E) from Thermothelomyces thermophila shows only a slightly smaller b2-

a2 loop and a b8-a8 loop which, while still smaller, is more signifcant than the GH30_8 endoxylanase and the GH30_7 TcXyn30C. 
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Fig. 4. Inconsistent coordination observed for the two 22-(4-O-methyl-a-D-glucuronosyl)-xylobiose (U4m2X) bound GH30_7 GXN/XBH dual-

function enzymes. TcXyn30B (green, PDB accession: 6KRN) and TtXyn30A (red-brown, PDB accession: 7O0E) share nearly 45% amino acid 

sequence identity. The b2-a2, b7-a7 and b8-a8 loop regions (A) primarily involved in ligand coordination align well for these two similarly 

functioning enzymes. Further analysis of the protein structure superposition of these two GH30_7 enzymes shows a number of conserved 

amino acid side chains in alternative positions including the ‘eukaryotic arginine’ (B) thought to have a role in GA coordination. Although 

these enzymes are thought to function similarly, the hydrogen bonding differences between these proteins and their crystallographically 

modelled ligand clearly shows differences in their ‘specifc’ contacts. 

hydroxyl of the +1 subsite xylose in these GXNs 
[10,54] (Fig. S2). This position in the GH30_7 xylan-
active enzymes is more similar to AcXbh30A than the 
GH30_8 enzymes. In place of the methionine found in 
AcXbh30A, the GH30_7s have a conserved leucine 
(Leu288 in TcXyn30C, PDB accession: 6M5Z). The 
d1-C-terminal methyl group of this leucine is in the 
near exact position as the d-S of Met265 in AcXbh30A 
(Fig. 6A). In all three compared GH30 subfamilies, an 
amino acid side-chain atom occupies this position indi-
cating that it is an important location for substrate– 
protein interaction. 
The e-C of this methionine in AcXbh30A is the only 

differently positioned atom in the substrate-binding 
cleft between the apo and X2-bound structures 
(Fig. 6B). In the apo form, the e-C methyl points 
towards the �1 subsite xylose and at just 1.9 A away 
would be expected to clash with the C5 position of a 
bound xylose. In the X2-bound structure, the side-
chain terminal methyl of Met265 flips to point towards 
the +1 subsite position. While in this position, the d-S 
is also at a near-optimum distance of 3.7 A from the 
endocyclic oxygen and has an approximate h angle of 
45° to the perpendicular of the Cc-Sd-Ce bond line. 
This arrangement may indicate an evolved specific 
electrostatic interaction between these two positions 
[55]. Structure model alignment comparisons with the 
aglycone-bound X2 from the Acetivibrio thermocellus 
(basonym: Clostridium thermocellum) GH30_8 CtXyn30A 

glucuronoxylanase (see Fig. S2, PBD  accession:  5A6M) 
[54] indicate that in this flipped position, the Met265 
d-S and e-C of AcXbh30A may also directly interact 
with the aglycone +1 subsite xylose (Fig. 6C, see Agly-

cone region below). 
Coordination in the �2 subsite defines the function 

of this high-specificity xylobiohydrolase. In contrast to 
the GXN/XBH dual-function GH30_7 and GXN 
GH30_8 xylan-active enzymes with less prominent b8-
a8 loops that facilitate coordination of GA in a -2b 
subsite, the larger b8-a8 loop in AcXbh30A allows for 
amino acid side chains to reach the top side of the �2 
subsite xylose and establish stabilizing interactions. 
Both Lys303 and Glu308 extend down from the b8-a8 
loop and hydrogen bond with the C2 hydroxyl posi-
tion (Fig. 5C,D), while Lys303 also establishes a 
hydrogen bond with the C3 hydroxyl position. The 
existence of these two amino acids undoubtedly sup-
ports higher functional specificity through their specific 
contacts, but also sterically blocks accommodation of 
substitutions on the C2 and C3 hydroxyl positions of 
the �2 subsite xylose. Lastly, Asp73 established two 
hydrogen bonds involving both its carboxyl oxygens 
with the C3 and C4 hydroxyl groups of the xylose. 
The C4 hydroxyl also establishes a hydrogen bond 
with coordinated water (W218, Fig. 5D). This coordi-
nated water further hydrogen bonds with a second 
water (W375) which is coordinated from the main-

chain peptide bond carbonyl oxygen of Asp73. 
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Fig. 5. Structure analysis of the glycone xylobiose-binding slot. Surface representation (A) of the AcXbh30A glycone region depicting the 

crystallographically determined xylobiose positioned in a slot that is formed from the b2-a2 (blue), b4-a4 (green), b7-a7 (orange) and b8-a8 

(red) loops. An electron density map visual (B) of the xylobiose-binding region intended to represent the crystallographic data quality. The 

map around the X2 is from a CCP4 Omit program map and the density around the amino acid side chains is from the refnement-generated 

2Fo-fc map. A representation (C) of the amino acid side chains establishing polar or van der Waals contacts with the X2 and therefore shap-

ing the glycone xylobiose-binding slot and revealing the specifcity for the non-reducing terminal xylobiose activity. Lastly, a LIGPLOT+ plot (D) 

[42] showing all the predicted molecular contacts involved in X2 positioning into the glycone region. 

Underscoring the functional specificity of AcXbh30A, 
all hydroxyls of the �2 subsite xylose benefit from two 
hydrogen bonds. Both of the GXN/XBH dual-

function GH30_7 enzymes, TcXyn30B and TtXyn30A, 
contain an amino acid homolog of Asp73 located also 
in their respective b2-a2 loop. The a-C positions of 
Asn93 in TcXyn30B and Asp78 in TtXyn30A are posi-
tioned 2.9 A and 2.6 A further from the same in 
AcXbh30A Asp73 (Fig. 6D). This shift in position 
somewhat matches a shift in the modelled ligand and 
both establish a unique network of hydrogen bonds 
different from that predicted for Asp73 in AcXbh30A. 
The GH30_7 XBH AaXyn30A is the enzyme that 

has been shown to function most similar to AcXbh30A 

[16]. A SWISS-MODEL [37] generated protein struc-
ture homology model of this enzyme (generated using 
TcXyn30B, PDB accession: 6KRN as a template and 
reproduced for this work) indicates that similar molec-

ular contacts as that observed in AcXbh30A may be 
present. As previously speculated [16], Asp100 of this 
model is in the near exact position as Asp78 of 
TtXyn30A and therefore may be reasonably expected 
to serve a similar purpose (Fig. 6D). Although the 
AaXyn30A homology model was prepared using the 
dual-function GXN/XBH TcXyn30B as a template, 
two amino acids are seen extending down towards the 
X2 and may serve a role similar to Glu308 and Lys303 
in AcXbh30A. In the model of AaXyn30A, Asn356 
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Fig. 6. Analysis of the Met265 position in AcXbh30A and comparison with GH30_7 homologs. Comparison of the position of Met265 (A) in 

the apo form (light grey, PDB accession: 7N6H) and X2-bound form (dark grey, PDB accession: 7N6O). It is seen that the e-C repositions 

upon substrate binding and result in an orientation that may allow interaction with the +1 subsite xylose. Also shown in the conserved leu-

cine from GH30_7 xylan-active enzymes represented here by Leu288 from TcXyn30C (cyan, PDB accession: 6M5Z). In this, the d1-C resides 

in nearly the same position as the Met265 d-S from AcXbh30A. In the apo form, the position of e-C of Met265 would clash with a �1 sub-

site xylose being just 1.9 A away from the C5 of the xylose ring (B), and while oriented towards the +1 subsite following ligand binding, it 

would seem likely to engage through van der Waals interactions. More importantly, d-S in the X2-bound form, at 3.7 A away, looks likely to 

interact specifcally [55] with the endocyclic oxygen of the �1 subsite xylose. Further consideration of this region of AcXbh30A (C) with the 

aglycone X2 modelled from a simple structure alignment with the GH30-8 glucuronoxylanase CtXyn30A (PDB accession: 5A6M, see Fig. S2) 

shows that a second methionine, Met212, may interact with the endocyclic oxygen of the +1 subsite xylose. Comparisons of AcXbh30A (D) 

(ac, rainbow) with the dual-function GH30_7 GXN/XBH, TcXyn30B (Tc, pink) and TtXyn30A (Tt, cyan) and the homology model of the 

GH30_7 XBH AaXyn30A (aa, grey). The position of the �2 subsite xylose is shown (AcXbh30A, green; TcXyn30B, purple, TtXyn30A, aqua-

marine). 

and Glu360 (Fig. 6D) are in proximity to potentially a SWISS-MODEL of AaXyn30A using AcXbh30A as 
establish hydrogen bonds with the C2 and C3 hydrox- a template yielded less convincing molecular explana-
yls of the �2 subsite xylose. In summary, the homol- tions. 
ogy model, originally analysed by Suchova et al. [16] Hydrophobic and/or van der Waals interactions that 
may indicate these two XBH enzymes, from different stabilize the �2 subsite xylose, thereby forming the 
GH30 subfamilies display similar molecular substrate X2-binding slot, include Phe25, Trp68, Tyr175 and 
interactions which govern their function. Importantly, Trp298. In GH30_7 homologs, Phe25 is conserved, 
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but in GH30_8s, this position is represented by a con-
served tryptophan. Whether a phenylalanine or trypto-
phan, this amino acid side chain forms the floor of the 
substrate-binding cleft in these enzymes. Trp68 in 
AcXbh30A fills a gap and provides van der Waals con-
tact only with the C4 hydroxyl position. As described 
in part above, Tyr175, which also interacts with the 
�1-subsite xylose, is highly conserved in several related 
GH30 subfamilies. Its aromatic side chain establishes 
the outer wall of the N-terminal side of the glycone 
region. Lastly, Trp298 in AcXbh30A is involved in 
van der Waals interactions with the C3 hydroxyl. This 
tryptophan is unique among these related GH30 sub-
families and is also observed in GH30_7 REX enzymes 
[5,17]. In GH30_8 GXNs, this position is a conserved 
tyrosine, but in both non-canonical functioning 
GH30_8 endoxylanases [10,11], this position is also a 
tryptophan. However, the tryptophan in AcXbh30A 
models as a flipped rotamer with the e1-N pointing 
towards the cleft bottom, opposite of that observed in 
the two unconventional GH30_8 endoxylanases. Quite 
distinctly, GH30_7 enzymes have a conserved Leu/Ile 
which is significantly smaller than the large aromatic 
represented by the side chain of tryptophan. The 
resulting void is filled by an adjacent amino acid from 
the b1-a1 loop. In the available GH30_7 X-ray crystal-
lographic structure models, this position is represented 
by an arginine which has been dubbed the ‘eukaryotic 
arginine’ [56] to identify it as having an important role 
in GXN activity by these xylan-active enzymes. Not 
all GH30_7s have this arginine, and alternative inter-
pretations have been explored [17,20,21]. Stranger yet, 

U4m2the two X GA substituted xylooligosaccharide-
bound GH30_7 structures TcXyn30B (PDB accession: 
6KRN) and TtXyn30A (PDB accession: 7O0E) 
although significantly conserved, reveal two distinct 
hydrogen-bonding networks (Fig. 4B) involving the 
eukaryotic arginine coordinating the GA. 

Aglycone region 

The +1 aglycone subsite in AcXbh30A is considerably 
different from other closely related GH30 subfamilies. 
Only H238 and Y240 are conserved in all the com-

pared enzymes (Fig. 7). As alluded to above, the 
Met265 side-chain flip that occurs upon X2 binding 
into the glycone side, as a result, likely then interacts 
with the +1 subsite xylose. Considering again as a 
visual guide, the position of the X2 bound into the 
aglycone region of the GH30_8 enzyme CtXyn30A 
(see Figs S2 and 6C): given the static three-

dimensional alignment, while the measured intermolec-

ular distances are too small (Fig. 6C), the orientation 

of the xylose indicates that the d-S of Met265 may 
possibly hydrogen bond with the C3 hydroxyl position 
of the +1 subsite xylose [57]. The e-C may further 
interact through van der Waals with the C2 position 
of this xylose. Another methionine, Met212, located in 
the +1/+2 subsite region extends upwards and could 
specifically interact with the endocyclic oxygen of the 
+1 subsite xylose through a specific electrostatic inter-
action [55] in a manner similar to that considered 
above involving Met265 and the endocyclic oxygen of 
the �1 subsite xylose. Met265 and Met 212 are com-

parably unique not just among the homologous GH30 
xylan-active enzymes, but also it is not common to 
find a methionine side chain in the active site of 
related glycoside hydrolases. This may be most possi-
ble in an anaerobic microbial niche which may help 
explain this observation. 

Variations evident from multiple-sequence 
alignments 

Overall, the phylogenetic clade defined by the con-
firmed XBH enzymes AcXbh30A (this work) and 
PcXbh30A constitutes a set of highly homologous 
enzymes that derive strictly from the bacterial order 
and family Eubacteriales Oscillospiraceae [23]. The 
boundary of this GH30_10 clade is established by the 
outlier PpXbh30A from the Gram-positive psy-

chrophilic bacterium Paenibacillus psychroresistens, 
which also has been shown to have XBH activ-

ity [23]. Sequence comparisons using the statistical 
alignment tool PRSS show that the Eubacteriales-

derived enzymes share greater than 75% amino acid 
sequence ID, while comparison with PpXbh30A pro-
vides an average ID of 47.8% (SD 0.80). Inspection 
of a multiple-sequence alignment (Fig. S3) comparing 
this group of sequences shows that PpXbh30A differs 
significantly in the active-site cleft. The amino acid 
sequence in the b2-a2 loop responsible for two 
hydrogen bonds between the �2 subsite xylose and 
Asp73 is a completely different sequence in 
PpXbh30A. Although this enzyme is known to have 
XBH activity, it was not thoroughly characterized so 
it is not clear how strict this function is relative to 
other XBH enzymes. While the pair of substrate-

binding cleft methionines are perfectly conserved in 
most of the Eubacteriales enzyme and only one is 
missing in PpXbh30A, the highly conserved XBH 
with UniProt Accession: A0A4U7JJW1 has both 
methionine residues changed to alternative amino 
acids. Fig. S3 highlights key amino acid positions 
that from this report are considered important for 
XBH activity. 
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Fig. 7. Comparison of GH30 subfamily 7, 8 and 10 substrate-binding cleft aglycone regions. The aglycone region of AcXbh30A (A; PDB 

accession 7N6O, white) showing for perspective, the two catalytic glutamates and Met265 which are thought to interact with both the �1 

(glycone) and +1 (aglycone) subsite xylose residues. For comparison, the aglycone region of three GH30_8 and three GH30_7 structurally 

characterized enzymes is shown (B, C). The GH30_8 enzymes (B) include the non-canonical functioning, GA-independent endoxylanase CaX-

yn30A (PDB accession: 5CXP; green) and the two canonical functioning GA appendage-dependent endoxylanases BsXynC (PDB accession: 

3KL5; olive) and CtXyn30A (PDB accession: 5A6M; light green). Amino acid labels correspond to the CaXyn30A structure and where not fully 

conserved, following a forward slash other representative amino acids are listed. For the GH30_7 enzymes (C), TcXyn30B (PDB accession: 

6KRN; blue), TcXyn30C (PDB accession: 6M5Z; purple) and TtXyn30A (PDB accession: 7O0E; dark blue) are shown. Amino acid labels corre-

spond to TcXyn30B and where not fully conserved, following a forward slash other representative amino acids are listed. Overlaying all 

structures from A to C (D), the positions are labelled with the list of amino acids represented in that group. Signifcant diversity exists in the 

aglycone region of these GH30 group 2 xylan-active enzymes. 

phylogeny of GH30 enzymes. Only one other enzyme,
Conclusion 

a GH30-7 from the fungus A. alcalophilum (AaX-

This research report details the structural attributes yn30A) [16] may have a similar function. No crystal 
of the first GH30_10 ‘strict’ XBH enzyme from the structure has yet been reported for this GH30_7 
bacterial Family Oscillospiraceae. The high-resolution enzyme. Other GH30_7 dual-function GXN/XBH 
structure of AcXbh30A is compared with the other enzymes have been structurally characterized [12–15] 
described GH30 xylan-active enzymes from subfamilies and these enzymes may have unique applications, but 
7 and 8 and the report further investigates the the multiple functions indicate a potential lack of 
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specificity. This may make their use in industrial appli-
cations inferior to an XBH which shows high speci-
ficity. Given the XBH enzymatic properties and 
thermostability demonstrated by this enzyme [23], 
AcXbh30A may be useful in a biorefinery-based pro-
cess for the production of X2. Inclusion of the high 
specificity, appendage-dependent GH30-8 glucuronoxy-
lanases in the hydrolysis of a glucuronoxylan would 

U4m2additionally yield the two aldouronates, X and 
XU4m2X [22-(4-O-methyl-a-D-glucuronosyl)-xylotriose]. 
When coupled to other high-specificity appendage-

dependent endoxylanases such as the GH5 arabinoxy-
lanases [58,59] in the hydrolysis of arabinofuranose-
substituted xylans, a number of other novel oligomeric 
xylan-derived sugars of value may be produced. 
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Supporting information 

Additional supporting information may be found 
online in the Supporting Information section at the end 
of the article. 
Fig. S1. Presents a large-scale, current GH30, group 2 
subfamily phylogenetic analysis annotated with known 
subfamily designations and contains all biochemically 
and/or structurally characterized GH30 group 2 
enzyme examples. 
Fig. S2. Shows a structure overlay of two GH30_8 
glucuronoxylanases (GXNs) providing a visual per-
spective for comparisons made in the main body of 
the corresponding publication. 
Fig. S3. Presents a GH30_10 alignment, indicating 
with arrows important amino acid locations, which 
define the GH30_10 functional specificity. 
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