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Introduction

Insects are more numerous than any other kind of animal, and

the Coleoptera (beetle family) is the group of insects with the
highest number of known species; as such, they have colon-

ized almost every ecological niche on earth. With around
130 000 species distributed worldwide—fifty percent of the

plant-feeding insect diversity—the monophyletic Phytophaga

clade of beetles represents the largest group of herbivorous
insects on the planet.[1] Phytophaga beetles encompass the su-

perfamilies Chrysomeloidea (leaf beetles and long-horned bee-
tles) and Curculionoidea (weevils and bark beetles). Comprising

some of the most efficient herbivorous insects, many of these
are important pests of agriculture and forestry, namely, the Col-
orado potato beetle Leptinotarsa decemlineata (Chrysomeli-

dae), the western corn rootworm Diabrotica virgifera virgifera
(Chrysomelidae), the Asian long-horned beetle Anoplophora
glabripennis (Cerambycidae) and the mountain pine beetle

Dendroctonus ponderosae (Curculionidae). The causes of their

extraordinarily successful radiation are widely debated, but the
evolution of specialized trophic interactions with plants is as-

sumed to have played an important role in this process.[1c, 2]

The ability of Phytophaga beetles to deal with the structural

polysaccharides of the plant cell wall, which make up the bulk

of their food, is essentially due to the presence of so-called
plant-cell-wall-degrading enzymes (PCWDEs) in their gut

fluids.[3] Targeting cellulose, hemicelluloses and pectins, these
carbohydrate-active enzymes (CAZymes) are encoded by sever-

al medium-sized gene families endogenous to the beetle’s
genome.[4] Gene families encoding putative cellulolytic glyco-
side hydrolase (GH) family 9 (GH9), family 45 (GH45), family 48

(GH48) and the pectolytic family 28 (GH28) were found to be
broadly distributed in Phytophaga beetles[3b, 4d, 5] In contrast,
other families of PCWDEs are more restricted to specific
groups of beetles, such as the putative cellulolytic subfamily 2

of GH5 (GH5_2) for which corresponding genes have to date
been identified, in insects, only in species of long-horned beet-

les.[4b, d, 6]

The beetle family Cerambycidae Latreille (long-horned bee-
tles)—with an estimated number of species above 35 000—

contains the most diverse radiation of wood-feeding animals
on earth.[2b, 7] Cerambycid larvae bore deep into healthy, mori-

bund, recently dead or decomposing woody plants. Xylopha-
gous insects, such as long-horned beetles, have evolved to

thrive in highly challenging habitats; to efficiently access the

nutrients present in such sub-optimal environments, they have
to cope with the lignocellulose barrier. The presence of

PCWDEs in the gut fluid of wood-boring larvae of the Ceram-
bycidae has long been known.[8] Initially these enzymes were

thought to be secreted by symbiotic yeasts located within the
insect’s gut either in epithelial cells or in specific tissue called

Xylophagous long-horned beetles thrive in challenging envi-

ronments. To access nutrients, they secrete plant-cell-wall-de-

grading enzymes in their gut fluid; among them are cellulases
of the subfamily 2 of glycoside hydrolase family 5 (GH5_2). Re-

cently, we discovered that several beetle-derived GH5_2s use
xylan as a substrate instead of cellulose, which is unusual for

this family of enzymes. Here, we analyze the substrate specifici-
ty of a GH5_2 xylanase from the beetle Apriona japonica

(AJAGH5_2-1) using commercially available substrates and syn-

thetic arabinoxylan oligo- and polysaccharides. We demon-

strate that AJAGH5_2-1 processes arabinoxylan polysaccharides

in a manner distinct from classical xylanase families such as
GH10 and GH11. AJAGH5_2-1 is active on long oligosacchar-

ides and cleaves at the non-reducing end of a substituted
xylose residue (position + 1) only if : 1) three xylose residues

are present upstream and downstream of the cleavage site,
and 2) xylose residues at positions @1, @2, + 2 and + 3 are not

substituted.
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the mycetome. However, this hypothesis was eventually ruled
out by several studies from the 1930s, reviewed in,[8b] which

showed that 1) symbiont-free species of cerambycid could
break down cellulose as efficiently as species harboring those

yeast symbionts ; and 2) these symbiotic yeasts, when isolated
and cultured, were not cellulolytic. Thus, symbiotic-independ-

ent cellulose and hemicellulose digestion is proposed to occur
in cerambycid beetle larvae.

In the 1970s and 80s, PCWDEs were purified and character-

ized from several species of cerambycid beetles. In general, the
gut of cerambycid larvae is characterized by a high pectolytic

activity as well as activity against hemicellulose polysaccha-
rides, such as xylan, b-1,3-glucans and mannans. Activity

against amorphous cellulose is always detected, whereas activi-
ty against crystalline cellulose is either low or completely
absent, except in species feeding on decaying or rotten wood.

In the latter case, the enzymes active on crystalline cellulose
seem to be provided by the fungi ingested by the larvae while

feeding on decaying/rotten wood.[3c, 9] The genes encoding
PCWDEs in long-horned beetles have long remained elusive

and are still largely unknown. The first cellulase gene derived
from the genome of a long-horned beetle, reported in 2003

from the mulberry long-horned beetle Psacothea hilaris, enco-

des a GH5_2 endo-b-1,4-glucanase.[6e] Since then, several GH5_
2 cellulases have been cloned from other species of ceramby-

cid beetles.[4b, 6b, d, f]

According to the CAZy database,[10] to date 120 GH5_2 pro-

teins, most of which are derived from bacteria, have been
functionally characterized, and almost all are cellulolytic (endo-

b-1,4-glucanases; EC 3.2.1.4), whereas a few bacterial enzymes

specifically hydrolyze chitosan (chitosan N-acetylglucosamino-
hydrolase, EC 3.2.1.132). Similarly, most of the GH5_2 derived

from long-horned beetles which have been functionally char-
acterized are cellulases (EC3.2.1.4).[6b, e, f] However, we recently

discovered that some GH5_2 proteins from two species of
long-horned beetles are able to hydrolyze xylan instead of cel-
lulose, making them endo-b-1,4-xylanases (EC 3.2.1.8) ; such an

ability is uncommon in this family of proteins.[4b, 6d] In fact, GH5
xylanases do exist but are restricted to subfamilies 4 (GH5_4)
and 21 (GH5_21).[11] Given that most larvae of long-horned
beetles are xylophagous[7] and that xylan is the most abundant
hemicellulose polysaccharide in wood material, possessing the
ability to break down xylan is clearly advantageous for these

insects.
To better understand how this novel class of xylanases work,

we tested the catalytic abilities of a GH5_2 protein (AJAGH5_2)
derived from the long-horned beetle Apriona japonica[6d]

against a variety of substrates. First, by using commercially

available poly- and oligosaccharides, we confirm that AJAGH5_
2 is a specific endo-b-1,4-xylanase and is unable to break down

cellulose or other plant-cell-wall-associated polysaccharides.

We also show that AJAGH5_2 possesses the ability to use glu-
curono- and arabinoxylan polymers harboring various degree

of substitution as substrates. Second, to obtain more details
on how AJAGH5_2 breaks down xylan, we used a combination

of synthetic arabinoxylan oligomers generated by automated
glycan assembly[12] and artificial polysaccharides synthesized by

the enzymatic polymerization of arabinoxylan oligosaccharide
fluorides.[13] We demonstrate that AJAGH5_2 is the first

member of a novel class of endo-b-1,4-xylanases with a distinct
strategy for cleaving arabinoxylan substrates compared to clas-

sical xylanases from the GH10 and GH11 families. We show
that AJAGH5_2 can only hydrolyze long oligosaccharides and

can cleave at the non-reducing end of a substituted xylose res-
idue (position + 1) only if 1) three xylose residues are present

upstream and downstream of the cleavage site and if 2) xylose

residues at positions @1, @2, + 2 and + 3 are not substituted.

Results

AJAGH5_2-1 is an endo-acting glycoside hydrolase
specifically active on xylan polymers and oligomers

AJAGH5_2-1 was expressed in Sf9 insect cells as described ear-
lier,[6d] and we performed simple end-point measurements by

incubating, overnight at 40 8C, the crude enzyme extract with
a series of polysaccharides usually associated with the plant

cell wall, namely carboxymethylcellulose (CMC) and regenerat-

ed amorphous cellulose, as well as the hemicelluloses xylo-
glucan, gluco- and galactomannan, and beechwood xylan (a

form of glucuronoxylan; Figure 1 A). We analyzed the resulting
breakdown products by thin-layer chromatography (TLC). Only

the incubation of AJAGH5_2-1 with beechwood xylan resulted
in the appearance of breakdown products (Figure 1 A). The

breakdown products which accumulated were mostly xylo-

biose, xylotriose and xylotetraose, as well as long oligomers. In
addition, the presence of double signals close to the xylotriose

and xylotetraose standards may indicate the presence of glu-
curonoxylotriose as well as glucuronoxylotetraose (Figure 1 A).

We subsequently incubated AJAGH5_2-1, under the same
conditions as above, with xylan polymers harboring various

levels of substitutions. As substrates, we chose beechwood

xylan (a glucuronoxylan; substitution: GlcOMe/Xyl = 1:10), ara-
binoxylan from rye (substitution: Ara/Xyl = 38:62) and arabi-

noxylan from wheat (substitution: Ara/Xyl = 22:78). Breakdown
products visible with TLC demonstrated that AJAGH5_2-1 was

able to take apart these three xylan polymers (Figure 1 B). As
the TLC revealed, the degree of substitution has an influence

on the activity of the enzyme: the more substituted the xylan
polymer is the less abundant small oligomers, such as xylo-

biose, xylotriose and xylotetraose, are (Figure 1 B).

We further asked what minimum size a xylan oligomer must
be to be hydrolyzed by AJAGH5_2-1. To find out, we incubated

AJAGH5_2-1 with xylan oligomers, ranging from xylobiose to
xylohexaose, and resolved the resulting end-products by TLC

(Figure 1 B). Whereas breakdown products were present when
AJAGH5_2-1 was incubated with xylohexaose, none was ob-

served when xylopentaose was used as a substrate, indicating

that the hexamer is likely the shortest xylan oligomer which
can be hydrolyzed by AJAGH5_2-1. According to the pattern of

breakdown products obtained, AJAGH5_2-1 hydrolyzed xylo-
hexaose either in two molecules of xylotriose or in one mole-

cule of xylotetraose plus one molecule of xylobiose (Fig-
ure 1 B). No breakdown products resulted from the incubation

ChemBioChem 2020, 21, 1517 – 1525 www.chembiochem.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1518

ChemBioChem
Full Papers
doi.org/10.1002/cbic.201900687

http://www.chembiochem.org


of AJAGH5_2-1 with xylobiose and xylotriose (Figure 1 B). Unex-
pectedly, the incubation of AJAGH5_2-1 with xylotetraose re-

sulted in the appearance of xylobiose and a minute amount of
xylotriose (Figure 1 B). Although the presence of xylobiose

would be logical and would indicate that AJAGH5_2-1 could
hydrolyze xylotetraose in two xylobiose molecules, having xy-

lotriose without xylose in this context does not make much
sense. In addition, the apparent inability of AJAGH5_2-1 to hy-
drolyze xylopentaose renders the hydrolysis pattern of xylo-
tetraose even more dubious. To us, the only explanation for
the presence of xylobiose and xylotriose as a result of the incu-
bation of AJAGH5_2-1 with xylotetraose is the potential ability

of AJAGH5_2-1 to perform a transglycosylation reaction in the
presence of an excess amount of xylotetraose. Currently this
assumption remains a possibility which must be tested in
future analyses. Yet clearly AJAGH5_2-1 possesses the ability to
break down xylan polymers, even highly substituted polymers,

as well as unsubstituted oligomers the size of xylohexaose or
longer.

The activity of AJAGH5_2-1 is dependent on the size of
xylan oligomers and the location of substitutions

To address how arabinose substitutions of the xylan chain in-

fluence the activity of AJAGH5_2-1, we incubated the enzyme

with a series of synthetic arabinoxylan oligomers generated by
automated glycan assembly.[12] The resulting breakdown prod-

ucts were analyzed by HPLC coupled to a mass spectrometer
and an evaporative light-scattering detector (ELSD). First, we

used linear xylan oligosaccharides, namely xylotetraose, xylo-
hexaose and xylooctaose, which we incubated for 16 h at 40 8C

with AJAGH5_2-1 (Figure 2). Under these assay conditions, no

breakdown products were produced by the action of AJAGH5_
2-1 on the tetrasaccharide. These results were in contrast to

those obtained when we incubated AJAGH5_2-1 with a com-
mercially available xylotetraose (Figure 1 B). The xylohexaose

produced by automated glycan assembly was completely hy-
drolyzed by AJAGH5_2-1 in two xylotriose molecules, one with

a free reducing end and the other with the aminopentyl linker

at its reducing end (Figure 2). Again, this result was in contrast
with what we observed using a commercially available xylo-

hexaose as a substrate for which xylotriose as well as xylotetra-
ose and xylobiose were visible using TLC (Figure 1 B). The octa-

saccharide was also fully hydrolyzed in xylobiose, xylobiose
with the aminopentyl linker at its reducing end, xylotriose and

xylotriose with the aminopentyl linker at its reducing end
(Figure 2).

To understand how arabinose substitutions of xylan affect

the activity of AJAGH5_2-1, we incubated the enzyme with a
series of xylohexaose molecules; these were produced by auto-

mated glycan assembly and harbored one or two arabinose
substitutions on carbon 2 or carbon 3 of a given xylose residue
at various positions of a xylohexaose backbone (Figure 3).
AJAGH5_2-1 could not use a xylohexaose molecule harboring
an arabinose substitution on either carbon 2 or carbon 3 of

the third xylose residue starting from the non-reducing end as
a substrate (Figure 3). Similarly, the presence of two arabinose
substitutions—one on the second and one on the penultimate
xylose residue starting from the non-reducing end—impaired
the ability of AJAGH5_2-1 to use this xylohexaose as a sub-
strate. In contrast, AJAGH5_2-1 could hydrolyze a xylohexaose

Figure 1. A. japonica GH5_2-1 is a specific endo-b-1,4-xylanase. A) Thin-layer
chromatography (TLC) analyses of the hydrolysis end-products of polysac-
charides typically found in the plant cell wall by A. japonica GH5_2-1. Crude
enzyme extracts, derived from the culture media of transfected Sf9 cells,
were incubated with carboxymethylcellulose (CMC), regenerated amorphous
cellulose (RAC), glucomannan, galactomannan and beechwood xylan in Mc-
Ilvaine buffer pH 5.0 at 40 8C for 16 h before being spotted on TLC plates.
The standards used for the cellulose-derived substrates were glucose (G1) to
cellopentaose (G5). The standards used for the mannan-derived substrates
were mannose (M1) to mannohexaose (M6). The standards used for the
xylan-derived substrates were xylose (X1) to xylohexaose (X6). B) TLC analy-
ses of the hydrolysis end-products of various xylan poly- and oligosacchar-
ides by A. japonica GH5_2-1. Crude enzyme extracts were incubated as
described above with beechwood xylan (a glucuronoxylan; substitution:
GlcOMe/Xyl = 1:10), arabinoxylan from rye (substitution: Ara/Xyl = 38:62),
arabinoxylan from wheat (substitution: Ara/Xyl = 22:78), as well as, xylan
oligomers ranging from xylobiose to xylohexaose. The standards used are
the same as described above.
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harboring an arabinose substitution located on carbon 2 of the

first xylose residue at the nonreducing end (Figure 3). Alto-
gether, these results showed that the presence and position of
arabinose substitutions on the xylan chain strongly influence
the catalytic abilities of AJAGH5_2-1. Moreover, the fact that

only a single of these arabinosylated oligosaccharides could be
cleaved by AJAGH5_2-1 confirmed that this enzyme requires

oligosaccharides with at least three xylose residues upstream
and downstream of the cleavage site to be active.

To further investigate how the catalytic activity of AJAGH5_

2-1 is influenced by arabinose substitutions, we used arabinox-
ylan polysaccharides synthesized by the enzymatic polymeri-

zation of arabinoxylan oligosaccharide fluorides.[13] These artifi-
cial xylan polysaccharides are furnished with a perfectly regular

pattern of arabinose substitution. We tested three types of

polysaccharides, each of which was made of a different repeat-
ed motif (Figure 4). The first is a repetition of a trimer being

substituted by an arabinose on carbon 3 of the first xylose
starting from the non-reducing end. The second polysaccha-

ride is similar to the first except that the decoration is located
on carbon 2 of the first xylose residue starting from the non-

reducing end. The third polysaccharide, a repetition of a tetra-

mer, is substituted by an arabinose on carbon 3 of the first
xylose starting from the non-reducing end. AJAGH5_2-1 could

hydrolyze all three types of polysaccharide in a similar way at
the non-reducing end of a substituted xylose residue
(Figure 4).

In summary, the use of various synthetic substrates allowed

us to deduce the general requirements for arabinose substitu-
tions and the minimum length of xylan oligosaccharides which
are tolerated by the A. japonica GH5_2 endo-b-1,4-xylanase
(Figure 5). AJAGH5_2-1 can accommodate an arabinose substi-
tution at the + 1 site only if a minimum of three xylose mole-

cules are present downstream of the cleavage site, with the
+ 2 and + 3 sites being unsubstituted. In addition, a minimum

of three xylose residues must be located upstream of the
cleavage site (@1 to @3 positions) for the enzyme to cleave.
An arabinose substitution at the @3 position can be tolerated

by the enzyme. Whether the arabinose substitution occurs at
carbon 2 or carbon 3 of the xylose at the @3 and/or at the + 1

site does not seem to influence the activity of AJAGH5_2-1
(Figure 5).

Figure 2. Enzymatic digestion products of linear xylan oligosaccharides by A. japonica GH5_2 xylanase. HPLC analysis of reactions products was performed
using a porous graphitized carbon (PGC) column and detected with an evaporative light-scattering detector (ELSD) and mass spectrometry (MS). Shown are
the respective ELSD traces. Products were identified using their corresponding retention time and mass. Substrates are indicated in boxes. The red bars
denote an aminopentyl linker at the reducing end of the oligosaccharides. Structures without this red bar have a free reducing end. For the breakdown prod-
ucts with free reducing ends, the corresponding alpha and beta anomers could be separated on the HPLC, resulting in two peaks for these compounds. The
cutting sites of the xylanase are indicated on the right with arrows. Sites that are not preferred by the enzyme are denoted with dashed arrows.
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GH5_2 xylanases might be distributed in other species of
long-horned beetles and are not restricted to A. japonica

To address whether the presence of a gene encoding a GH5_2
xylanase is unique to A. japonica or whether the genomes of
other long-horned beetles also harbor these, we screened
public databases for GH5_2 sequences derived from other

long-horned beetles and reconstructed their phylogenetic rela-
tionships by maximum likelihood (Figure 6). We recovered 28

GH5_2 sequences from eight species of long-horned beetles
(Table S1), all belonging to the subfamily Lamiinae. Some of
these GH5_2 proteins have been functionally characterized,

most as cellulases. Qualitative enzyme assays have shown that
another GH5_2 protein (AGL1), encoded by the genome of the

Asian long-horned beetle A. glabripennis, is active on beech-
wood xylan.[4b] We used these 28 sequences to perform a maxi-

mum likelihood-inferred phylogeny (Figure 6). The cerambycid-
derived GH5_2 sequences formed six highly supported clades

of orthologous sequences (clades I to VI; Figure 6). AJAGH5_2-

1 (AJA1) and AGL1 are orthologs and are located in clade I
with sequences from two other long-horned beetle species,

suggesting that GH5_2 xylanases may be distributed in other
species of long-horned beetles. Of course, cloning and func-

tionally characterizing GH5_2 proteins from clade I will be nec-
essary to make sure that this clade is xylanase-specific.

Discussion

Here, we demonstrate that AJAGH5_2-1 is indeed a new type
of xylanase with specific characteristics that differ from those

of typical GH10 or GH11 xylanases.[12, 14] Whereas GH10 and
GH11 xylanases can usually break down relatively small arabi-

Figure 3. Enzymatic digestion products of arabinosylated xylan oligosaccharides by A. japonica GH5_2 xylanase. Substrates are indicated in boxes. The red
bars denote an aminopentyl linker at the reducing end of the oligosaccharides. Structures without this red bar have a free reducing end. Arabinose substitu-
tions (green stars) on carbon 2 or carbon 3 of a xylose residue (brown star) are depicted by lower right or lower left connections to the xylose, respectively.
The corresponding alpha and beta anomers of the arabinosylated xylotriose could be separated by HPLC, resulting in two peaks for each of these com-
pounds. The cutting sites of the xylanase are indicated on the right with arrows. Note that retention times using PGC-HPLC may vary between control and
treatment. MS data were used to annotate the peaks in the shown ELSD traces.
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noxylan oligosaccharides,[12] AJAGH5_2-1 requires long oligo-

saccharides—at least hexamers—to be active. GH5 xylanases
have been described earlier, but are distributed in subfamilies

4 and 21 (GH5_4 and GH5_21).[11] Most GH5_2 proteins that
have already been characterized are endo-b-1,4-glucanases

acting on amorphous cellulose, a linear polysaccharide that

harbors no substitutions at all.[11] In contrast, xylans are substi-
tuted in nature, either by glucuronic acid or by arabinose

linked to xylose through either a-1,2 or a-1,3 glycosidic bonds.
We show that the active site of AJAGH5_2-1 can accommodate

substitutions and can cleave at the non-reducing end of a sub-
stituted xylose only if at least three xylose residues are present

upstream and downstream of the cleavage site. To understand

the changes necessary for the active site of AJAGH5_2-1 to

accommodate a substituted substrate compared to a classical
GH5_2 cellulase would require to resolve the structure of this

protein and to compare it with the one of a GH5_2 cellulase.
Interestingly, each genome/transcriptome of cerambycid bee-

tles which have been investigated so far encodes at least one
GH5_2 cellulase.[4b, 6d–f] The corresponding proteins are ortholo-
gous and cluster together in clade V in the phylogeny present-

ed in Figure 6. Resolving the structure of such a cerambycid-
derived GH5_2 cellulase in order to make a direct comparison
with the structure of AJAGH5_2-1 will become our future prior-
ity.

Here we observed discrepancies between the results we ob-
tained using commercial xylan oligosaccharides (Figure 1 B)

and those obtained using oligosaccharides produced by auto-

mated glycan assembly (Figure 2). For example, we obtained
not only xylotriose from the action of AJAGH5_2-1 on the com-

mercially available xylohexaose (Figure 1 B), but also xylotetra-
ose and xylobiose, whereas we obtained only xylotriose using

the xylohexaose generated by automated glycan assembly
(Figure 2). These differences cannot be attributed to differen-

ces in assay conditions between the two types of experiments.

In fact, the same batch of crude enzyme extract was used in
both types of experiments and the concentrations of oligosac-

charides used were very similar. We used slightly more enzyme
extract in the assays with commercially available substrates rel-

ative to those performed with the synthetic substrates (14 vs.
10 mL). We cannot exclude the possibility that this difference

Figure 4. Enzymatic digestion products of synthetic xylan polysaccharides by A. japonica GH5_2 xylanase. Substrates are indicated in boxes, with the repeat-
ing unit of the polysaccharide in brackets. The larger xylan fragments in the upper panel could be digested with a commercially available GH10 xylanase
(Megazyme; accession number: P14768.2). More detailed information on their structure could not be obtained. The cutting sites of the xylanase are indicated
on the right with arrows.

Figure 5. Results of active site mapping of the A. japonica GH5_2 xylanase.
The cutting site of the xylanase is indicated with an arrow. The tolerated ara-
binose substitutions at C2 or C3 positions of the xyloses adjacent to the cut-
ting site are indicated below. Positions that should not be substituted are
marked with an “x”. Note that, in general, substrates with at least three xylo-
ses on each side of the cutting site are required for the activity of A. japoni-
ca GH5_2 xylanase, as only one of the arabinosylated oligosaccharides could
be digested.

ChemBioChem 2020, 21, 1517 – 1525 www.chembiochem.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1522

ChemBioChem
Full Papers
doi.org/10.1002/cbic.201900687

http://www.chembiochem.org


may partly explain the discrepancies we observed. More likely,

the presence of the aminopentyl linker at the reducing end of
the oligosaccharides produced by automated glycan assembly
influences the way the enzymes deal with these substrates rel-

ative to the way they deal with oligosaccharides harboring a
free reducing end. The potential influence that such a linker

present at the reducing end of a synthetic substrate exerts on
the catalytic activity of an enzyme could be reduced in the

future, thanks to the development of photo-cleavable linkers

leading to oligosaccharides with free reducing ends.[15] Alterna-
tively, we also suspect that AJAGH5_2-1 could perform some

transglycosylation using the xylotetraose. Oddly, we observed
xylobiose and xylotriose when AJAGH5_2-1 was incubated

with xylotetraose, although the enzyme is apparently unable
to use xylopentaose as a substrate. Such transglycosylation

could also explain the difference in the patterns of breakdown
products we observed between the commercially available xy-

lohexaose and the one produced by automated glycan assem-
bly. Transglycosylation is not uncommon for GH5 enzymes[16]

and is also influenced by substrate concentration, with trans-
glycosylation being favored at high substrate concentrations

compared to hydrolysis.[17] But to be entirely sure that
AJAGH5_2-1 has the ability to perform transglycosylation in
the presence of xylan oligosaccharides, further experiments are

required. Until such experiments are performed, this theory
remains a hypothesis.

Cerambycid-derived xylanases, such as AJAGH5_2-1,
AGLGH5_2-1 from the Asian long-horned beetle[4b] and others

which cluster in clade I (Figure 6), are not unique to insects.
Other insect-derived xylanases have been described and merit

further functional characterization. Some of these enzymes are

part of typical families of xylanases, in particular, two GH11s
from the mustard leaf beetle Phaedon cochleariae[18] and two

GH10s encoded by the genome of the coffee berry borer
Hypothenemus hampei.[4f, 19] Other insect-derived xylanases are

part of unexpected GH families. For example, in the bean
beetle Callosobruchus maculatus, a protein from the subfamily

10 of GH5 (GH5_10)—a typical family of mannanases[11]—has

been identified; this protein accepts only xylan as a sub-
strate.[20] In stick and leaf insects (Phasmatodea), a gene family

encoding GH9 proteins expanded through several gene dupli-
cation events, resulting in one clade of orthologous GH9 pro-

teins having the ability to use both amorphous cellulose and
xylan as substrates.[21] We expect that more insect-derived xyla-

nases will be identified in the near future, due to the increas-

ing amount of transcriptome/genome data which are currently
generated, in particular for phytophagous/xylophagous spe-

cies.
As we have shown here, arabinoxylan oligomers generated

by automated glycan assembly,[12] together with polysaccha-
rides synthesized by the enzymatic polymerization of arabinox-
ylan oligosaccharide fluorides,[13] represent powerful tools for

the functional characterization of novel xylanases. Such sub-
strates would be helpful to have for analyzing other classes of
PCWDEs, such as those acting on substituted polysaccharides
like xyloglucan or galactomannan/galactoglucomannan. The

synthesis of xyloglucan oligosaccharides by glycan-automated
assembly has been developed,[22] and such substrates could be

used to functionally characterize insect-derived xyloglucanases
such as the GH45 proteins described from several chrysomelid
and curculionid species.[3a, 23]

Conclusions

We believe that phytophagous insects in general, particularly

Phytophaga beetles, represent an abundant source of novel

enzymes that can be used to convert plant biomass into
fermentable reducing sugars. For too long, the potential of in-

sects as a source of enzymes for biotechnology applications
has been overlooked in favor of microorganisms. This neglect

is mostly due to the fact that relative to insects, microorgan-
isms are easier to get access to and to cultivate in the labora-

Figure 6. Phylogenetic relationships between GH5_2 family members of
various Cerambycid beetles. A maximum likelihood analysis was performed
with 1000 bootstrap replicates using the program IQTREE. The best model
of protein evolution was determined in IQTREE and was the Whelan and
Goldman (WAG) model, incorporating a discrete gamma distribution (shape
parameter = 5) to model evolutionary rate differences among sites (+ G) and
a proportion of invariable sites (+ I). Bootstrap values are indicated next to
the branches. A GH5_2 sequence derived from the bacterium Zobellia galac-
tanivorans (ZGA, CAZ97841.1) was used as an outgroup. Details on the se-
quences used here can be found in Table S1). AJA: A. japonica ; AGL: A. glab-
ripennis ; AGE: Apriona germari ; PHI : P. hilaris ; OAL: Oncideres albomarginata
chamela ; ACH: Anoplophora chinensis ; MMY: Mesosa myops ; MAL: Monocha-
mus alternatus.
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tory. With more than 130 000 species, each of whose respective
genomes harbor on average more than 10 genes encoding

various PCWDEs,[4a, b, d–f, 24] Phytophaga beetles represent the
largest, under-investigated pool of novel enzymes with poten-

tial use in the generation of biofuels.[25]

Experimental Section

Heterologous expression of AJAGH5_2-1 in insect Sf9 cells: We
used a construct described in[6d] in which the open reading frame
(ORF) of AJAGH5_2-1 was cloned in the pIB/V5-His TOPO/TA (Invi-
trogen), in frame with a V5-(His)6 epitope at the carboxyl-terminus.
Sf9 cells, cultured in SF-900 II serum-free medium (Gibco, Paisley,
UK), were seeded in 6-well plates such that they covered 60 per-
cent of the bottom of each well. These cells were then transfected
with the construct described above, using FUGENE HD (Promega,
Madison, WI, USA) as the transfection reagent. A mock transfection
in which the plasmid DNA was omitted was performed and used
as a negative control. After 72 h, the culture medium, which con-
tained the heterologously expressed protein, was harvested and
centrifuged (16 000 g, 5 min, 4 8C) in order to remove floating cells
and cell debris. The resulting culture medium was further pro-
cessed by dialyzing it against 50 mm citrate/phosphate buffer
pH 5.0 at 4 8C for 48 h, using Slide-A-Lyzer Dialysis Cassettes with a
10 kDa cutoff, before being desalted with Zeba Desalt Spin Col-
umns 7 kDa cutoff (both Thermo Scientific), according to the man-
ufacturer’s guidelines. The resulting crude enzyme extracts were
stored at 4 8C until use. Successful expression was verified by West-
ern blot using the anti-V5-HRP antibody.

TLC analysis of hydrolysis end-products of commercially avail-
able substrates: Enzyme assays (20 mL) were set up using dialyzed
and desalted crude enzyme extracts (14 mL) mixed with a 1 % solu-
tion of substrate (4 mL) in a 20 mm citrate/phosphate buffer pH 5.0.
The substrates used were carboxymethylcellulose (Sigma–Aldrich),
regenerated amorphous cellulose (RAC), prepared as described
in,[3a] xyloglucan from Tamarind seeds (Megazyme, Bray, Ireland),
glucomannan from konjac (Megazyme), galactomannan from carob
(Megazyme), beechwood xylan (Sigma–Aldrich), arabinoxylan from
rye (Megazyme) and arabinoxylan from wheat (Megazyme). The oli-
gosaccharides used as standards or in enzyme assays were all pur-
chased from Megazyme. Enzyme assays (20 mL) using oligosacchar-
ides as substrates were set up as follows: Dialyzed and desalted
crude enzyme extracts (14 mL) were mixed with a given oligosac-
charide (0.5 mL; 10 mg mL@1) in a 20 mm citrate/phosphate buffer
pH 5.0. Enzyme assays were incubated for 16 h at 40 8C before
being applied to TLC plates (silica gel 60, 20 V 20 cm, Merck). Plates
were developed with ethyl acetate/acetic acid/formic acid/water
(9:3:1:4) as the mobile phase. Hydrolysis end-products were then
revealed by soaking the plates in 0.2 percent (w/v) orcinol in meth-
anol/sulfuric acid (9:1), then heated briefly until spots appeared on
the plates.

Analysis of hydrolysis end-products of synthetic oligo- and poly-
saccharides: Enzyme assays (20 mL) were set up using dialyzed
and desalted crude enzyme extracts (10 mL) of AJAGH5_2-1 and a
solution of xylan substrates (10 mL) in 100 mm sodium acetate
buffer, pH 5. The synthetic oligosaccharides were prepared by au-
tomated glycan assembly using an automated glycan synthesizer
as previously described[12] and the synthetic polysaccharides were
prepared by chemo-enzymatic synthesis.[13] The oligosaccharides
were used at a final concentration of 0.5 mm and the artificial
xylan polymers were used at a final concentration of 0.75 mg mL@1.
All reactions were incubated for 16 h at 40 8C and terminated by

incubation for 5 min at 80 8C. The reactions were analyzed on an
Agilent 1200 Series HPLC equipped with an Agilent 6130 quadru-
pole mass spectrometer (MS) and an Agilent 1200 evaporative
light-scattering detector (ELSD). The hydrolysis end-products were
separated on a Hypercarb column (150 V 4.6 mm, Thermo Scientific)
using a water (including 0.1 % formic acid)-acetonitrile (ACN) gradi-
ent at a flow rate of 0.7 mL min@1 starting at 2.5 % ACN for 5 min,
ramping up to 5 % ACN at 8 min, followed by a slow increase of
ACN to 30 % at 40 min, a steep ramp to 100 percent ACN at
42 min, a decline back to 2.5 percent ACN from 45 min to 47 min,
and equilibration until 55 min at 2.5 % ACN. The peaks in the ELSD
traces were assigned based on their retention time and the corre-
sponding masses in the MS as determined by Senf et al.[12]

Sequence alignments and phylogenetic analysis: Amino acid se-
quences of cerambycid-derived GH5_2 proteins were recovered
from public databases (Table S1). Amino acid alignments were car-
ried out using MUSCLE version 3.7 implemented in MEGA7[26] and
were inspected and corrected manually when needed. Phylogenet-
ic relationships were estimated using maximum likelihood analysis
and were conducted using the IQTREE web server.[27] The best
model of protein evolution was determined in the IQTREE web
server and was determined to be the Whelan and Goldman (WAG)
model, incorporating a discrete gamma distribution to model evo-
lutionary rate differences among sites (+ G) and a proportion of
invariable sites (+ I). The robustness of each analysis was tested
using 1000 ultrafast bootstrap replicates.
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