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Microbial Glucuronoyl Esterases: 10 Years after Discovery

Peter Biely

Institute of Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia

A carbohydrate esterase called glucuronoyl esterase (GE) was discovered 10 years ago in a cellulolytic system of the wood-rotting
fungus Schizophyllum commune. Genes coding for GEs were subsequently found in a number of microbial genomes, and a new
family of carbohydrate esterases (CE15) has been established. The multidomain structures of GEs, together with their catalytic
properties on artificial substrates and positive effect on enzymatic saccharification of plant biomass, led to the view that the es-
terases evolved for hydrolysis of the ester linkages between 4-O-methyl-p-glucuronic acid of plant glucuronoxylans and lignin
alcohols, one of the crosslinks in the plant cell walls. This idea of the function of GEs is further supported by the effects of clon-
ing of fungal GEs in plants and by very recently reported evidence for changes in the size of isolated lignin-carbohydrate com-
plexes due to uronic acid de-esterification. These facts make GEs interesting candidates for biotechnological applications in
plant biomass processing and genetic modification of plants. This article is a brief summary of current knowledge of these rela-

tively recent and unexplored esterases.

One of the crosslinks in plant cell walls contributing to their
recalcitrance is the ester linkage between 4-O-methyl-D-
glucuronic acid (MeGlcA) residues of xylans and hydroxyl groups
of lignin alcohols (1—4). This linkage does not survive alkaline
pretreatments of plant biomass; therefore, it contributes to enzy-
matic resistance of only plant material pretreated under nonalka-
line conditions, such as steam explosion. Ten years ago, we pub-
lished the first evidence for the existence of an esterase that could
cleave such linkages. The enzyme, found in the cellulolytic system
of the wood-rotting fungus Schizophyllum commune, was capable
of hydrolyzing various synthetic unnatural esters of 4-O-methyl-D-
glucuronic acid (MeGlcA) and glucuronic acid (GlcA) and was
named glucuronoyl esterase (GE) (5). The sequence of the first
gene coding for GE was identified in Trichoderma reesei (Hypocrea
jecorina) (6). The T. reesei GE gene was found to be identical with
gene cip2 of unknown function described earlier by Genencor (7)
and was claimed by the authors to code for a protein stimulating
enzymatic saccharification of plant cell walls (8). Cip2, containing
a carbohydrate binding module (CBM), CBM1 (9, 10), is a protein
inducible by cellulose and sophorose. Occurrence of similar genes
in fungal and bacterial genomes resulted in the introduction of
new carbohydrate esterase (CE) family CE15 (6) in the carbohy-
drate-active enzyme (CAZy) classification (11). The GE sequences
were unique and phylogenetically distant from those of other car-
bohydrate esterases, acetylxylan esterases (CE1 and CE5), feruloyl
esterases (CE1 and the putative CE3), and pectin methyl esterases
(CES8) (Fig. 1) (12). GEs not only appear to be inducible constit-
uents of plant cell wall-degrading enzyme systems but also are
frequently constituents of bi- or multimodular enzymes. Some of
them, such as GE from T. reesei and Podospora anserina, contain a
family 1 carbohydrate binding module, CBM1 (6, 13). Phanero-
chaete chrysosporium produces two forms, one without and one
with the CBM1 module (12). The catalytic domains of the Ph.
chrysosporium GEs are almost identical; however, expression of
their genes appears to be mediated by different forms of regulatory
control (12). Later studies reported that the genome of this white-
rot fungus and also the genome of its close relative Phanerochaete
carnosa each contain three GE genes, two of which code for CBM-
containing enzymes (14, 15). However, the majority of the ge-
nomes of white-rot fungi contain two GE genes whereas the ge-
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nomes of brown-rot fungi contain usually only one CE15 gene
(15, 16). It is also worth mention that not all fungal genomes
contain GE genes (12) and that basidiomycetes have on average
more genes in CE15 than do aspergilli (16). Further biochemical
studies are needed to understand the significance of this uneven
GE gene distribution in microbial wood decay. Such studies will
probably show that, although they belong to the same CE family,
the enzymes may differ in catalytic properties and physiological
function.

GEs are also present in cellulosomes, such as the enzyme from
Ruminococcus flavefaciens. In this bacterium, GE occurs in a bi-
functional enzyme in combination with a catalytic module of an
acetylxylan esterase (17). In Teredinibacter turnerae, a shipworm
gut bacterium, GE is connected with endo-(3-1,4-xylanase of gly-
coside hydrolase (GH) family 11 (18). In both cases, the two en-
zymes are tightly functionally bound. These data support the view
that GEs play an important role in microbial breakdown of plant
cell walls.

STRUCTURE AND PROPOSED MODE OF ACTION

The first three-dimensional (3D) structure of GE was elucidated
on the catalytic domain of the T. reesei GE (Cip2), which was
homologously overexpressed using a cellobiohydrolase promoter
and purified from the growth medium (6, 19). The structure has
an o/ B-hydrolase fold with an overall aa-sandwich architecture,
asshownin Fig. 1 (19). The twisted B-sheet is sandwiched between
two layers of a-helices with the catalytic triad Ser-His-Glu ex-
posed on the protein surface. A similar 3D structure was reported
for GE from Myceliophthora thermophila (earlier assigned as Spo-
rotrichum thermophile) (20) (Fig. 1). A mutation of catalytic serine
to alanine in M. thermophila GE abolished the enzyme activity
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FIG 1 Phylogenetic tree of confirmed and putative GEs, acetylxylan esterases, feruloyl esterases, and pectin methyl esterases, constructed by rearrangement of
the published data (9). The protein sequences are marked by accession numbers given in databases.

(21) but did not affect its active site architecture (20). The mutant
was also successfully crystallized with methyl 4-O-methyl-p-glu-
copyranuronate, an artificial GE substrate (5), to reveal the topol-
ogy of the active site (20). In contrast to the majority of serine type
esterases, glutamic acid replaces aspartic acid in known GEs. The
active site on the surface of the protein has implications for the
ability of the enzyme to hydrolyze the ester bonds between large

molecules in the plant cell walls. This is supported by experimen-
tal evidence indicating that GEs can de-esterify the methyl ester of
beech wood glucuronoxylan, a synthetic substrate with methyl-
esterified uronic acids linked to the polymeric carbohydrate chain
(Fig. 2) (22). The de-esterification of this substrate by GEs can
easily be followed by 'H-nuclear magnetic resonance ('H-NMR)
spectroscopy (22). The GE-catalyzed hydrolysis of synthetic sub-

FIG 2 3D structures of the catalytic domain of GE from T. reesei (19) (A) and GE from M. thermophila (20) (B). Both structures show the twisted B-sheet
structure sandwiched between two layers of a-helixes. Strands are labeled with the letter “S” followed by a number, helices with the letter “H” followed by a
number, C termini with “C,” and N termini with “N.” The catalytic triad Ser, His, and Glu, shown in balls and sticks (5278, H411, and E301 in T. reesei GE; S213,
H346, and E236 in M. thermophila GE), is in both cases located on the surface of the enzyme.

December 2016 Volume 82 Number 24

Applied and Environmental Microbiology

aem.asm.org 7015


http://aem.asm.org

Minireview

QO/EO: ) 5 0 o
HO S :,5 0 O
onn " ° 9 HSWSMO R
OH H
HO

OH HO

4-O-Methyl-D-glucuronoxylan

FIG 3 Fragment of alkali-extracted beech wood glucuronoxylan and its methyl ester serving as the substrate of GEs (22). The site of attack is marked by an

arrow.

strates shown in Fig. 3 demonstrates the tolerance of GEs for larger
aryl propane structures on the side of lignin alcohols (Fig. 4) (23—
25). It is worth noting that the esterification of glucuronoxylan
with methanol reduces its solubility. This indicates that a similar
esterification of the polysaccharide MeGlcA with aryl alkyl alco-
hols as “more natural” GE substrates would lead to water-insolu-
ble products. These considerations suggest that, during microbial
attack of plant cell walls, GEs most probably operate on a phase
boundary between highly hydrated partially acetylated hemicellu-
lose and hydrophobic lignin structures.

GEs—ESTERASES WITH UNEXPLORED BIOTECHNOLOGICAL
POTENTIAL

Surprisingly, a real physiological role of GEs in natural substrates
was demonstrated for the first time just before submission of this
article. A recombinant GE from Acremonium alcalophilum re-
duced the molecular mass of isolated lignin-carbohydrate com-
plexes from spruce and birch, as shown by size exclusion chroma-
tography (26). Simultaneous analyses of hydroxyl groups before
and after GE treatment of subsequently phosphitylated derivatives
of the complexes by *'P-NMR spectroscopy (27) showed an in-
crease in the content of the carboxyl hydroxyl groups as a result of
de-esterification of uronic acids (26). The enzymes certainly play
an important role in plant cell wall degradation since their addi-
tion to a commercial cellulolytic system from Novozymes consid-
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FIG 4 Esters of GlcA (left) and MeGlcA (right) methyl glycoside with the
largest aryl propane structures found to be hydrolyzed by GEs so far (23-25).
The sites of attack are marked by arrows.
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erably enhanced the amount of liberated reducing sugars, includ-
ing both pentoses and hexoses (25). With the Novozymes cellulase
CellicCTec fortified with B-xylosidase, the presence of GE led to a
25% increase in the amount of pentoses released from a pretreated
corn fiber (25). Additional indirect evidence for a possible role of
GE:s in plant cell wall degradation has so far been obtained by
cloning fungal GE genes in plants (28, 29). Expression of a fungal
GE in Arabidopsis or aspen (Populus tremula) alters plant cell wall
composition and architecture, improves extractability of xylan
from plant biomass, and enhances enzymatic cellulose digestibil-
ity (28, 29). These effects were ascribed to reduced cell wall ester
crosslinks leading to increased lignin deposition. The greatest im-
provement in cell wall fractionation was achieved through expres-
sion of fungal GEs under the control of a developmentally regu-
lated promoter, e.g., a promoter specifically active in the plant cell
wall during secondary cell wall deposition (30). Such an approach
applied to tobacco plant biomass resulted in a significant increase
of the enzymatic saccharification yields and became a subject of a
patent of FuturaGene Ltd. (Israel and Brazil), claiming again a
decrease of lignin-hemicellulose ester crosslinks in the cell walls of
plants expressing fungal GEs (30). One line of eucalyptus geneti-
cally modified by fungal GE was reported to produce much stron-
ger wood (communicated by E. R. Gonzales, FuturaGene Brazil, at
the 2nd Brazilian BioEnergy Science and Technology Conference,
Campos de Jordao, Brazil, October 2014). To my knowledge,
these are the first examples of biotechnological significance of
these relatively very recent and not extensively studied microbial
carbohydrate esterases. Many other possible applications, such as
those involving their effects on delignification and bleaching of
sulfite and hydrothermal pulps, have not been examined. Reverse
and transesterification reactions, which could lead to high-value
products derived from plant constituents, remain unexamined.
Such catalytic properties should not be dismissed, because some
types of deacetylases catalyze efficient transesterification reactions
to carbohydrates in aqueous medium (31, 32).

SUBSTRATES TO PROMOTE RESEARCH OF GEs

Studies of GEs are hampered by unavailability of proper sub-
strates. Many synthetic substrates, such as alkyl and alkyl aryl al-
cohol esters of MeGIcA and GIcA or their glycosides used earlier
(5, 12, 21, 33-35), are not commercially available. Natural sub-
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FIG 5 Scheme of the B-glucuronidase-coupled assay of glucuronoyl esterase on methyl esters of D-glucuronic acid B-glycosylated with chromophore aglycons.
Thus far, the tested substrates have been found to contain 4-nitrophenol and 5-bromo-4-chloro-3-hydroxyindol as aglycons (38).

strates derived from plant cell wall material, such as suitable
lignin-carbohydrate complexes, await their introduction. The iso-
lation, purification, and characterization of such complexes, as
well as the synthesis of their analogues, are not easy tasks (4, 26).
Benzyl glucuronate, which is the only synthetic substrate com-
mercially available, was recently suggested for both qualitative and
quantitative GE assays, including a uronic acid dehydrogenase-
coupled assay (36). The drawback of the coupled assay is the fact
that uronic acid dehydrogenase accepts only the B-anomer of the
de-esterified GlcA (37). Fortunately, there is continuous progress
in methods to study GEs. We have introduced new 3-glucuroni-
dase-coupled assays using easily synthesized prochromogenic
substrates (38). The assays are based on the facts that the GEs do
not differentiate esters of a- or B-glucuronides (34) and that
B-glucuronidases are available in the market. The substrates are
methyl esters of commercially available 4-nitrophenyl and 5-bro-
mo-4-chloro-3-indolyl B-glucuronides. They can be prepared
simply by cation-exchanger-catalyzed esterification in dry meth-
anol followed by evaporation of the solvent. 3-Glucuronidases do
not hydrolyze esterified glycosides. Thus, the coupling of the ac-
tion of GE with B-glucuronidase leads to release of the chro-
mophore aglycones (Fig. 5). The assays are suitable for microplate
setup and also for high-throughput screenings of genomic librar-
ies. Particularly convenient is the substrate with the indolyl agly-
con, release of which leads to the blue indigo type product. The
substrates enabled us to examine for the first time the presence of
GE in commercial cellulolytic and hemicellulolytic preparations
(38). However, as in the similar case of benzyl glucuronate, the
lack of the 4-O-methyl group in GlcA decreases the affinity of the
enzymes for the substrates (5, 12, 33-35). It is obvious that methyl
esters of analogous glycosides of MeGlcA could serve as ideal sub-
strates. However, their preparation requires a considerable
amount of MeGIcA. Its chemical synthesis (39, 40) is certainly a
better way to achieve larger quantities than enzymatic liberation
from glucuronoxylan by a-glucuronidase.

CONCLUSIONS

The number of papers dedicated to GEs since their discovery re-
mains still very limited. However, the recent evidence that the
addition of GEs to saccharification enzyme systems improves
sugar yields from pretreated plant biomass (25, 30), as well as the
observation that GEs are present in commercial enzyme prepara-
tions (38), underlines the need to elucidate further the role of GEs
in microbial degradation of plant cell walls and other biotechno-
logical potential, particularly in biorefinery and saccharification
processes. This is stressed by the recent observation that lignin-
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hemicellulose esters are present in both hardwood and softwood
(26). As indicated by patent literature on GEs (30), new opportu-
nities can be foreseen in the area of genetic modification of plants
by expression of microbial GE genes. However, further progress in
this area is dependent on the availability of new simple and sensi-
tive assays for screening of genomic libraries for GEs with specific
properties. Such substrates are not commercially available, and
those which have so far been suggested suffer from the lack of the
4-O-methyl group on the uronic acid moiety recognized by GEs.
Therefore, the synthesis of esters of MeGIcA instead of GlcA, and
their commercialization, is an interesting challenge for organic
chemists.
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