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ARTICLE INFO ABSTRACT

Keywords: Glucuronoyl esterases (GEs) catalyze the cleavage of ester linkages between lignin and glucuronic acid moieties
Decorated polysaccharides on glucuronoxylan in plant cell walls and are promising biochemical tools for industrial processing of these
Hemicellulose recalcitrant natural resources. However, details on how GEs interact with and catalyze degradation of their
Ezﬁglé?:lfiydrate complex natural substrates are sparse. Using well-diffracting crystals of the model GE OtCE15A, we sought to structurally

elucidate its interactions with fragments and analogues of the lignin carbohydrate complex, including
commercially available oligosaccharides, digests of complex polysaccharides, and chemical fragments repre-
senting building blocks of lignin. While most compounds failed to bind in crystals, the analysis uncovered the
structure of a complex with a heptasaccharide (a decorated xylopentaose), the largest ligand bound to a GE
experimental structure to date. Most hydrogen bonding interactions are with the glucuronic acid moiety, which is
almost totally buried upon binding; however, the rest of the saccharide chain also has a significant contact
surface. The structure shows for the first time that OtCE15A can accommodate an arabinose decoration on the
glucuronoxylan chain it attacks. Structural comparison suggests that the polysaccharide conformation may in-
fluence specificity, reinforcing the view of GEs as true carbohydrate-active enzymes rather than opportunistic
promiscuous esterases.

Crystal structure
Carbohydrate esterase

1. Introduction example, cellulose microfibrils in grasses and wood are partially coated

by xylan, which is linked through a glucuronic acid ester to lignin, thus

Lignocellulose is an abundantly available bio-resource with an
annually worldwide production around 10-50 billion tons, in dry weight
[1]. The utilization of lignocellulosic side-streams and waste biomasses
for the production of renewable energy carriers, such as bioethanol, or
as a building block for materials and fine chemicals increases the value
chain of biorefineries by lowering disposal costs, and it furthermore
represents an alternative to products derived from fossil fuels [2]. Val-
orisation of lignocellulose is, however, limited by its recalcitrant and
heterogeneous structure which lowers accessibility to polysaccharides,
such as cellulose, for industrial application. Elements which contribute
to lignocellulose recalcitrance are so-called lignin—carbohydrate com-
plexes (LCCs) [3]. LCCs are comprised of either ester, ether, or glycosidic
covalent linkages, attaching lignin to plant polysaccharides. For
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tethering the lignin in proximity to the fibrils, and reducing cell wall
accessibility to degradative enzymes [4,5]. The importance of this LCC
linkage in cell wall assembly is indicated by the improved digestibility of
plants lacking such linkages though the genetic manipulation to remove
glucuronic acid substitution of xylan [6,7]. Glucuronoyl Esterases (GEs;
EC 3.1.1.117) are, to date, the sole activity identified in Carbohydrate
Esterase family 15 (CE15) in the carbohydrate-active enzymes database,
CAZy [8]. GEs hydrolyse ester bonds between glucuronic acid residues
of xylan and the alcohol moieties of lignin in LCCs [9,10]. All GEs
identified so far are microbial. Fungal GEs (recently reviewed in [11])
were the first to be characterized [10], while in recent years many
bacterial GEs (recently reviewed in [12]) from a variety of niches
including marine species [13], plant symbionts [14] and rumen bacteria
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[15], have been identified. Since some CE15 members do not have clear
GE activity in vitro [14,16,17] and their genes are found outside the
expected genetic context (far from other genes involved in xylan
degradation) [14,16] they may have very specialized saccharide pref-
erences [16,18] and/or completely different functions [14].

The role of GEs in improving saccharification of lignocellulosic
biomass has been demonstrated by involving selected CE15 enzymes in
the hydrolysis of lignocellulosic material in combination with enzyme
cocktails [9,15,19,20]. Therefore, since GEs are effective at improving
the degradability of lignocellulosic plant material by enhancing acces-
sibility of cellulose and hemicellulose, they are usually part of com-
mercial lignocellulolytic enzyme cocktails where they are expected to
act prior to or in concert with other depolymerizing enzymes in the
initial stages of biomass hydrolysis [21].

Although great strides have been made in recent years to advance
our understanding of GEs, still relatively little is known about their
molecular interactions with larger substrates and products and about the
nature of the biological substructures they target in the complex plant
cell wall [22]. Many studies on GEs use small model substrates such as
glucuronic acid esters [9], and only in rare cases comprise small lignin
building blocks [23]. Unlike fungal CE15 enzymes, which have been
suggested to require a 4-O-methyl substitution in the ligand to reach full
activity [24], bacterial GEs can utilize nonmethylated glucuronic acid
(GlcA) - and sometimes even galacturonic acid (GalA) - esters as sub-
strates [9,18]. Activity on complex substrates obtained from natural
biomass, for example a lignin-rich pellet, has also been clearly shown for
selected GEs [25,26], but these studies are quite cumbersome, requiring
LC-MS for analysis, and are rarely realistic on a routine basis. Some
recent studies have employed a commercial coupled chromogenic assay
based on the decorated xylobiose derivative XU“™2p-nitrophenol
methyl ester (compact xylooligosaccharide nomenclature as in [27])
developed by Megazyme, which unfortunately has since been dis-
continued [17]. Even more recently, Koh et al. chemoenzymatically
synthesized an U*™2XX benzyl ester and demonstrated much improved
kinetic parameters compared to Bnz-GlcA for a fungal GE in an HPLC-
based assay [28] and likewise higher binding affinity was measured
for an inactive mutant of a different fungal GE and U™*XX ! compared
to 4-O-methyl-GlcpA (40MeGlcA) [29]. The latter studies in particular
underscore the contribution of the saccharide backbone chain for in-
teractions. Unfortunately, due to the difficulty in obtaining more real-
istic substrates containing the polysaccharide main chain, most kinetic
studies still have to rely on the simple model substrates, where they may
miss the effects of the interactions with the polysaccharide.

In terms of structural studies of GEs, the enzyme CE15A from the soil
bacterium Opitutus terrae (OtCE15A) has been an excellent model for
structural studies of the interaction of bacterial GEs with complex oli-
gosaccharides, and has also been extensively characterized with small
model substrates [9,22] where it shows a very broad specificity. As a
member of CE15, OtCE15A is a o/f-hydrolase (ABH) with an a/p-sheet
core made of eight p-strands connected by six a-helices [9,22]. OtCE15A
is a serine-type hydrolase with a catalytic triad located in a solvent-
exposed cleft and composed by the catalytic Ser-267, His-408 and,
particular to OtCE15A, two partly functionally redundant acidic resi-
dues, Glu-290 and Asp-356 with the latter residue found at a nonca-
nonical position [22,30], where most members of the family only have
one [29,31]. A prominent role in both the acylation and deacylation
steps of the reaction is played by Arg-268, whose side chain is proposed
to form the oxyanion hole and to stabilize the tetrahedral intermediate
[9,22,30]. Furthermore, the structures of OtCE15A in complex with the
product glucuronate, its covalent adducts, the glucuronox-
ylooligosaccharide B-p-Xylp-(1—4)-[4-O-Me-a-p-GlcpA-(1—2)]-p-p-
Xylp-(1-4)-p-p-Xylp (referred to as XU*™2X) and xylobiose have been
previously determined [22] and a number of variants characterized
biochemically and structurally. This study centers on the hypothesis that
GEs make extensive interactions with the polysaccharide in the LCC, and
are thus true carbohydrate esterases — unlike other esterase families,
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which encompass structurally closely related members acting on both
carbohydrate and non-carbohydrate containing substrates. We used
crystallography as a tool to evaluate LCC fragments which could bind to
OtCE15A in a crystalline state. This approach can give a rough estima-
tion of relative affinities of substructures with very low affinity and with
only tiny amounts of compounds, which do not even need to be
completely pure. As a result, the structure of OtCE15A was obtained in
complex with the heptasaccharide XA3XU*™2X (Table 1), a -1,4-linked
xylopentaose with 40MeGlcA and arabinofuranose (Araf) decorations,
the longest cell wall fragment bound to date in a GE crystal structure.
The determination of the complex confirmed the interaction mode of
OtCE15A with XU“™2X revealing that the enzyme recognizes, or at least
is able to bind, longer and decorated xylans. Comparing to other struc-
turally characterized members in the family, it seems clear that not all
will be able to adopt the same or similar binding mode(s). This result
advances our understanding on the interaction mode of OtCE15A with
natural biomass polysaccharides and it provides useful insights on the
activity of this enzyme in nature.

2. Materials and methods
2.1. Production of OtCE15A

OtCE15A was recombinantly produced in Escherichia coli BL21
(ADE3). Purification was performed as described previously [9] using
immobilized metal ion affinity chromatography on an AKTA system (GE
healthcare) using 5 mL HisTrap™ Excel columns, with 50 mM Tris-HCI
(pH 8), 250 mM NaCl as binding buffer, and elution (binding buffer
including 250 mM imidazole), followed by dialysis into 50 mM Tris-HCl
buffer (pH 8). OtCE15A was stored in buffer (50 mM Tris-HCI, pH 8, 100
mM NacCl) at 4 °C.

2.2. Commercial oligosaccharides and lignin analogues used for soaking

OtCE15A's interaction with different ligands was investigated by
soaking in preformed crystals of OtCE15A. The chemical structures of
the soaked compounds are reported in Table 1. Soaking with solutions of
23.1-arabinofuranosyl-xylotriose (A2XX) and wheat arabinoxylan pen-
tasaccharide (AXXX, where the side chain of arabinose is a-1,2 or a-1,3
linked) was performed (oligosaccharides were purchased from Mega-
zyme). Other tested compounds were the lignin analogues guaiacol and
1,2-dimethoxybenzene (veratrole) in liquid form and 2,6-dimethoxy-
phenol and 1,2,3-trimethoxybenzene in solid form (all purchased from
Sigma-Aldrich).

2.3. Separation of pine oligosaccharides

To obtain glucuronoxylooligosaccharides, Alcohol Insoluble Residue
(AIR) from pine wood was prepared as previously described [32].0.55 g
of AIR was treated with 4 M NaOH at room temperature (RT) for 1 h and
centrifuged at 1180 g for 10 min. In order to remove the alkali, the su-
pernatants were passed through a PD-10 column (Cytiva) and eluted
with 50 mM ammonium acetate (pH 6.0) according to the manufacturer
instructions to get the soluble hemicellulose. The eluate hemicellulose
was used for xylanase XynC from Bacteroides ovatus (BoXynC) digestion
at 25 °C for 30 mins [33]. The BoXynC xylanase was de-activated at
100 °C for 10 min and the hemicellulose was further digested with an
excess of XynllA from Neocallimastix patriciarum (NpXynllA, from
Megazyme, Bray, Ireland) in 50mM ammonium acetate (pH 6.0) at
37 °C overnight and then lyophilized. Dried samples were re-suspended
in 2 mL dH0, loaded onto a gravity driven preparative Bio-Gel P2
column (190 x 2.5 cm; BioRad), equilibrated, and run in 50 mM
ammonium acetate (pH 6.0). Fractions were collected and dried in
vacuo. Fractions of interest were monitored by polysaccharide analysis
by carbohydrate electrophoresis (PACE) as described before [34]
(Fig. 1A). To confirm the structure, fraction 26 and 30 were analysed by



A. Zaghini et al.

Table 1
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Chemical structure of the soaking compound and crystallization/soaking conditions for the soaked crystals. Crystallization conditions from Morpheus screen (Mo-

lecular Dimensions) as described in the experimental procedures.

Compound Abbreviated Chemical structure Crystallization Soaking condition Result
chemical condition (Morpheus
formula screen)
o-1-Araf-(1-2)-p-p-Xylp- A%XX - oH 0.1 M alcohols, 1 M 5-500 mM in crystallization Datasets and
(1-4)-p-o-Xylp-(1-4)- ""M"\w\ ‘;M/m buffer system 1, pH 6.5, buffer, several minutes. structure obtained,
p-p-Xylp ol - 37.5% v/v, precipitant but no bound ligand.

OH

Several structures (arabinose decorated
B-1,4-linked xylooligosaccharides), e.g.

Wheat arabinoxylan
pentasaccharide

on on
o= AT~ ST
mwo/ N~ ?‘QH/ \Z\u

-~
O
1,2-Dimethoxybenzene

(veratrole) O

%
O/
OH

o

O\
O/

o-Methoxyphenol
(guaiacol)

2,6-Dimethoxyphenol

1,2,3-
Trimethoxybenzene

2%(4-0-Methyl-o- XAPXU*™X N Y
glucuronyl)-4>- s Af \;N IR NSRS L=
arabinofuranosyl- <
xylopentaose -

mix 4.

0.1 M ethylene glycols,
1 M buffer system 1, pH
6.5, 37.5% v/v,
precipitant mix 4.

0.1 M amino acids, 0.1
M buffer system 1, pH
6.5, 30.00% v/v,
precipitant mix 1.

0.12 M alcohols, 0.1 M
buffer system 1, pH 6.5,
30.00% v/v, precipitant
mix 1.

0.12 M alcohols, 0.1 M
buffer system 1, pH 6.5,
30.00% v/v, precipitant
mix 1.

0.09 M halogens, 0.1 M
buffer system 1, pH 6.5,
37.5% v/v, precipitant
mix 4.

0.10 M carboxylic
acids, 0.1 M buffer
system 1, pH 6.5, 37.5%
v/v, precipitant mix 4.

5 mM in crystallization buffer,
several minutes.

Crystals transferred to solution of
900 mM guaiacol in
crystallization buffer, soaking
time up to 15 min.

Crystals transferred to solution of
700 mM 1,2 dimethoxybenzene-
veratrole in crystallization
buffer, soaking time up to 12
min.

1-2 crystals of the solid
compound were minced,
dissolved in mother liquor and
added to the drop. Soaking time
up to 17 min.

Solid added directly to the drop.
Soaking time up to 4 min.

Solid added directly to the drop
and crystals soaked for 2.5-20
min.

Datasets and
structure obtained,
but no bound ligand.

Datasets and
structure obtained,
but no bound ligand.

Datasets and
structure obtained,
but no bound ligand.

Datasets collected,
but structures could
not be refined.

Compound poorly
soluble, crystals
damaged in soaking.

Structure
determined for 15
min soak, see Table 2
and Results and
discussion section.

MALDI-TOF-MS [35] (Fig. 1B).

2.4. Crystallization and ligand soaking

For crystallization, the previously described protocol was followed
[22]. Crystals of OtCE15A were prepared by sitting drop (0.3 pL drops)
in MRC two-drop crystallization plates (Molecular Dimensions). Protein
(7.2-9.5 mg/mL) was mixed with reservoir solutions in either a 3:1 or
1:1 ratio by aid of an Oryx 8 robot (Douglas Instruments) at room
temperature. Crystals utilized for soaking and further data collection
were obtained directly from Morpheus crystal screens (Molecular Di-
mensions) which from previous work were known to give well

diffracting crystals under many conditions [22]. To avoid binding with
saccharides other than the ligand, Morpheus crystal conditions con-
taining monosaccharides as additives were avoided. Crystallization
conditions used for soaked crystals as well as soaking conditions are
given in Table 1. After soaking crystals were immediately picked in a
cryoloop and flash frozen by plunging in liquid nitrogen.

2.5. Structure determination and refinement

Datasets used for structure determination were collected at the
beamlines indicated in Table 2, while additional tests and data collec-
tions were carried out at BioMAX, MAX IV. A structure for a native



A. Zaghini et al.

International Journal of Biological Macromolecules 352 (2026) 151020

A
23 24 25 26 27 28 29 30 31 32
4Me
,m& YXXXUm2
Xe| ™ = 4Me
- mje e s . S XXA3XU4m2X
- 4Me
X5 3 4m2
. - » - - ﬁ% XA3XU*mM2X
X
ﬁ D-xylopyranose
X[ * Q D-glucuronic acid
* L-arabinofuranose
X, "
X|*
B
Pen ,MeGIcA
Fraction 26 1155.5
L1 | i n
600 800 1000 1200 1400 1600
m/z
Pen,MeGIcA
Fraction 30 1023.3
Pen,MeGIcA
1156.5
T T T A ¢ T T T T T
600 800 1000 1200 1400 1600
m/z

Fig. 1. Purification of GAX oligosaccharides. A: Pine wood was sequentially digested with BoXynC and NpXyn11A. The produced oligosaccharides were subsequently
separated by bio-gel P2 column. Numbers 23 to 32 are fractions from the column. X-X6 are xylan standards. B: MS results of fraction 26 and 30.

crystal dataset isomorphous to the XA®XU*™2X complex dataset (in
P21212, as opposed to P1, the more commonly observed space group for
OtCE15A crystals) was first determined by Molecular Replacement using
as model structure OtCE15A (PDB: 6GSO0). The data were processed with
the autoProc pipeline [36], including anisotropic correction with
STARANISO [37]. Cycles of manual and computational refinement in
Coot [38] and REFMACS5 [39] achieved an Reactor Of 0.154 and Rgee Of
0.169. This structure was then used for solving the product complex by
difference Fourier Methods. Data were automatically processed by the
XDSapp pipeline [40] and manually rescaled with XSCALE [41] and
XDSCONV [42] to adjust the resolution cut-off. The structure was
refined in REFMACS5 [39] and Coot [38] in iterative cycles of manual
and computational refinement until an Reeror Of 0.168 and an Rgee Of
0.245 was achieved. The relatively large difference between the Reyctor
and Rgee could not be minimized further and is attributed to the limited

resolution of the diffraction data (2.40 A compared to the uncomplexed
data set extending beyond 1.4 A). Refinement was continued while the
Rfree kept being reduced. Initial fitting of XA3XU*™2X was made using
the OtCE15A structure in complex with XU*™2X (PDB: 6TOI) as a guide.
The data collection, processing, and refinement statistics can be found in
Table 2. The structures were independently validated using MOLProbity
[43] and the wwPDB validation service [44]. The coordination geome-
try of the sodium ion present in both structures was further assessed
using CheckMyMetal [45]. Identified outliers from these validation
procedures were corrected, when feasible, prior to deposition in the
PDB. PDB deposition ID's can be found in Table 2. Interactions between
OtCE15A and XA®XU*™2X were analysed with Ligplot via a PDBsum
analysis [46]. Solvent accessible surface area (ASA) and buried surface
area (BSA) of the binding interface were additionally calculated with
dr_sasa mode 1, Schiiller lab [47]. This program calculates the ASA of
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Table 2
Crystallographic statistics for OtCE15A-Wt and OtCE15A-Wt-XA3XU*™2X in
P2,2,2;.

OtCE15A-Wt- OtCE15A-Wt
XASXU4m2y
Data collection
Date 3rd September 2022 23rd September 2022
Source P11 beamline at DESY ID30B beamline at ESRF
Wavelength (A) 1.03285 0.88560
Space group P2,2,2; P2,2,2;

Cell dimensions

a, b, c(A) 50.77, 65.43, 118.62 50.4, 64.5, 117.1
a, B,y (°) 90, 90, 90 90, 90, 90

No. of measured 67,450 (3226) 521,977 (8995)

reflections

No. of unique 14,772 (898) 63,897 (3195)

reflections

Resolution (A) 38.60-2.40 58.6-1.39 (1.49-1.39)
(2.47-2.40)

Ellipsoidal resolution - 1.392 a*

limit (A) - 1.484 b*
- 1.454 c*

R-meas (%) 18.4 (71.8) 8.6 (77.8)

CCy/2 (%) 99.3 (78.6) 99.8 (57.7)

Mean I/ 11.15 (2.42) 14.0 (1.6)

Completeness spherical 92.3 (78.0) (all shells 82.8 (23.6) (all shells up to

(%) up to 2.99 A have 1.6 A resolution have a
completeness >95%) spherical completeness

>95%)

Completeness - 91.1 (43.9)

ellipsoidal (%)

Redundancy 4.5 (3.6) 8.2(2.8)

Refinement
Ruwork/Réree 0.168/0.245 0.154/0.169

No. of protein, ligand,
ion, and water atoms
Average B-factors for
protein, ligand, ion, and
water (Az)

Bond length (A) and
angles (°) RMSD

3104, 68, 1, 119 3160, 6, 11, 239

36.543, 71.683,
36.650, 33.697

16.405, 14.332, 34.838,
23.116

0.0048, 1.3432 0.0109, 1.9000

Ramachandran favored, 98,2,0 96, 4,0
allowed and outliers
(%)

PDB accession 9HUC 9HVR

the protein and ligand both in their unbound and bound states, using van
der Waals radii compatible with NACCESS. The buried surface area
(BSA) is then determined as the difference between the total ASA of the
unbound molecules and their ASA in the complex, representing the
surface area that becomes inaccessible upon binding—i.e., the interface
between the protein and ligand [47]. For each glycosidic bond con-
necting each subsite, the corresponding BSA of the oxygen atom was
divided between the subsites. Lastly, all structures were visualized in
PyMol [48] unless otherwise stated.

3. Results and discussion
3.1. Oligosaccharide content of the pine cell wall extract

It has been reported that the pine primary cell wall xylan is decorated
with p(1-2)-Xylp and a(1—-2)-40MeGlcA [49]. In pine secondary cell
wall, xylan is modified by a(1—3)-Araf and a(1—2)-40MeGlcA [49,50].
Interestingly, the Araf substitutions are located two xylose residues from
40MeGIcA [50]. To test if the Araf substitutions would impair the ability
of OtCE15A to bind oligosaccharides, we purified the glucuronoar-
abinoxylan (GAX) oligosaccharides from pine by size-exclusion chro-
matography. Fractions were monitored by PACE and MS which aided in
identification of the oligosaccharide structures (Fig. 1). Fractions 23 to
26 were pooled and named as GAX1. In GAX1, there is one oligosac-
charide with YXXXU*"2X structure from primary cell wall rich tissues (Y
is backbone X substituted by the p(1-2)-Xylp and one main
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oligosaccharide with XXA®XU*™2X structure from secondary cell wall
rich tissues (Fig. 1A). Both these two oligosaccharides were confirmed to
have seven pentoses and one 40MeGIcA (Fig. 1B) [49,50]. Fractions 27
to 31 were pooled and named as GAX2. In GAX2, there are also two
oligosaccharides, XXA3XU*™2X and XA3XU*™2X, which were found in
similar proportions.

In order to choose suitable fractions for the soaking experiments, the
OtCE15A structure previously determined in complex with XU*™2X
(PDB: 6TOI) was checked in proximity of the active site to verify that
crystal packing allowed sufficient space. The analysis revealed that the
enzyme can host an oligosaccharide longer than XU*™2X at the non-
reducing end while the reducing end is blocked. Since all oligosaccha-
rides in GAX1 and GAX2 only have one additional reducing end xylose
after the uronic acid decoration, and thus should be able to fit, we
examined the space extending from the non-reducing end and found it
unlikely that longer oligosaccharides than XA®XU*™2X could fit within
the crystal. Thus, for the ligand soaking experiments, fraction GAX2,
which contained a large proportion of XASXU*™2X, was selected.

3.2. Crystallographic analysis to study interactions with substructures of
the plant cell wall

The suggested biological role of OtCE15A is to hydrolyse ester bonds
which connect glucuronoxylan and lignin in plant cell walls, thereby
reducing its recalcitrance. However, information on how GEs interact
with their native substrates is still lacking, primarily due to difficulties
with substrate acquisition and suitable detection methods [31]. Partic-
ularly, obtaining sufficient amounts of pure substructures of the plant
cell wall to investigate with biophysical methods is highly challenging.
Consequently, previous studies have primarily relied on
monosaccharide-based model substrates, most commonly GIcA esters,
which provide limited insight into the contributions of the xylan back-
bone and the lignin-derived ester moiety [9,30]. Here we used an
alternative strategy to study the interactions with fragments of the plant
cell wall using tiny amounts of partly purified material as well as
chemical fragments that can be considered analogues of lignin. Of the
tested compounds, only the pine cell wall digest gave clear indication of
binding. Neither arabinooligosaccharides nor aromatic analogues of the
lignin portion gave indication of binding, though structures after soak-
ing could be obtained for most compounds (see overview in Table 1).
The OtCE15A structure was significantly affected when it was soaked
with 2,6-dimethoxyphenol and from the comparison with previous ex-
periments we could not predict if protein rearrangements were due to
crystallization condition or to the soaking itself; however, structures
could not be fully refined. When soaking with 1,2,3-trimethoxybenzene
was performed, the compound did not dissolve well in mother liquor and
it was directly added to the well, which negatively affected crystal
quality, leading to data which could not be further analysed. However,
aside from the compounds damaging the crystals, we can conclude that
compounds devoid of the uronic acid moiety, such as small arabinox-
ylooligosaccharides devoid of glucuronate and some of the aromatic
compounds do not bind even at high concentration and must therefore
have very low affinity for OtCE15A on their own. Lack of specific high
affinity interaction with aromatic lignin-like compounds is perhaps to be
expected given that unlike other GEs, OtCE15A does not have a strong
preference for specific ester substituents on GlcA substrates [9], and that
computational analysis identified deacylation as the rate-limiting step
[30]. In contrast, another GE, TtCE15A, has been shown to be inhibited
by aromatic containing acids (ferulic acid, sinapic acid and p-coumaric
acid) which could also be considered lignin blocks mimics. Unfortu-
nately TtCE15A is less amenable to crystallographic studies due to the
crystal form, lower resolution and less reproducible crystallization [31].

3.3. Structure of OtCE15A in complex with XA3XU*™2x

To investigate OtCE15A specificity and mode of interaction with its
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natural substrate, we performed soaking experiments with the glucur-
onoxylan XA3XU*™2X enriched fraction obtained by hydrolytic activity
of glycoside hydrolases on pine cell wall. When OtCE15A was soaked for
15 min with the compound, a clear difference in electron density cor-
responding to a large oligosaccharide was observed bound near the

International Journal of Biological Macromolecules 352 (2026) 151020

known active site. We were thus able to determine the structure of the
enzyme in complex with the polysaccharide fragment, the largest ligand
in a CE15 protein structure to date (Fig. 2). We chose to model fully
XA3XU*™2X | though the extreme xylose residues and the arabinose
decoration are more poorly resolved, but lead to clear positive difference

Fig. 2. Overview of OtCE15A in complex with XA3XU*™2X. A: OtCE15A (green) (PDB: 9HUCQ) is shown in cartoon with its ligand, XA3XU4"‘2X, represented in sticks.
The electron density around the ligand is visualized with the 2Fo-Fc map (at 1.0 o, grey mesh) and the Fo-Fc map (at 3.0 o, negative: red and positive: green mesh).
9HUC is superimposed (with the PyMol align-command) with the native OtCE15A in the same space group (bronze) (PDB: 9HVR) (full-atom RMSD: 0.602 A and Ca
RMSD: 0.340 1°\). B: is turned 90° around the y-axis relative to A. C: XA3XU*™2X shown with the active site residues and Arg268 (sticks). Subsites are numbered in
analogy to previous glycoside hydrolase and esterase nomenclatures [51,52], with ¢ indicating subsites occupied by the main xylan chain which in this case can be
considered a branch of the cleaved ester bond at subsite 0 (occupied by the uronic acid). The “ indicates the subsite occupied by the arabinose branch on the main
xylan chain. D: The surface of OtCE15A and XA®XU*™2X is coloured according to B-factors (blue to red scale from low to high B-factors). All figures were produced

with PyMol.
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ey -

Fig. 3. Superimposed protein backbones of OtCE15A-Wt-XA®XU*™2X (green, PDB: 9HUG) and OtCE15A-Wt-XU*™2X (yellow, PDB: 6TOI) shown side by side
(overviews in A and B. respectively; zoomed view of the binding site in C and D, respectively) Image was created in PyMol using the align-command to superimpose
the structures (full-atom RMSD: 1.133 A and Ca RMSD: 0.996 A) followed by the grid-command to visualize them separately.

density when they are omitted. The poorer electron density for these
units is likely due to flexibility of the saccharides leading to different
conformations in the crystal, also highlighted by higher B-factors.

Binding to this large ligand does not cause any major backbone
conformational changes, as illustrated by the superposition of the
OtCE15A-Wt and OtCE15A-Wt-XA®XU*™2X structures in P2;2;2;
determined here (Fig. 3).

Structure determination revealed that OtCE15A hosts the poly-
saccharide in the active site cleft and it mostly interacts with 4OMeGlcA
moiety through H-bonds (2.5-3.2 &; Fig. 4). The main residues involved
are the Arginine that forms the oxyanion hole (R268) and the catalytic
Serine (S267) and Histidine (H408) which all interact with the carboxyl
group of GlcA. The arginine position and its interaction with the ligand
confirms the significant contribution of this residue to position the
substrate carboxyl group and to aid catalysis by stabilizing the oxyanion
intermediate [22,30].

3.4. Detailed analysis of the interactions between OtCE15A and
XA3XU™2x

Detailed interactions are visualized in Fig. 4. As previously observed
with smaller bound ligands [22], most of the hydrogen bonds between
the ligand and OtCE15A are formed through the 40MeGIcA residue of
the ligand at what, in analogy to previous nomenclatures for glycoside
hydrolases and carbohydrate esterases [51,52], we have named subsite
0 (see Fig. 2 legend). Specifically, His408, Arg268, Lys271, Glu305, and
Trp358 were identified to form hydrogen bonds with the 40MeGlcA
residue. Additional residues, both hydrophobic and hydrophilic (see
below), interact with XASXU*™2X with a single additional hydrogen
bond interaction between subsite —2' and the backbone of the catalytic
histidine (His408).

A dr_sasa analysis of OtCE15A with XA®XU*™2X was employed to
assess the ASA and the BSA i.e., the surface area of the protein and ligand
that interacts with the solvent, and the area which is inaccessible to the

solvent due to the protein-ligand interface, respectively. The analysis
revealed that 239 A2 (90.9%) of the 40MeGIcA surface area is buried
within the protein structure, contributing to a total protein and ligand
BSA of 356 A2 (Fig. 5A), which is slightly higher compared to the pre-
viously published OtCE15A structure complexed with XU*™2X with a
total protein and ligand BSA of 325 A2 (Fig. 5B) [22] indicating a slightly
larger intermolecular interface between 40MeGlcA and subsite
0’ (Fig. 5B). These observations suggest that the extended non-reducing
end of XA3XU*™2X affects how 40MeGlcA interacts with OtCE15A,
slightly altering both the conformation and extent of the binding
interface. As expected, the remaining 9.1% ASA of the 40MeGIcA cor-
responds primarily to the O6A atom of the carboxylic acid group, which
in the native substrate would form an ester linkage to the lignin moiety.
In contrast, all other carbohydrate moieties of XA3XU*™2X exhibit BSAs
below 50%, indicating that only one face of the saccharide forms an
interface with the protein surface.

The BSAs per sugar moiety ranges from 38 AZ (at 0' and — 3) to 65 A2
(at —2") and 72 A2 (at +1) with an average for xyloses of 46.1 A2 while
the total BSA (sugar + protein) at xylose binding subsites is 97.5 A2
(Fig. 5A). For comparison, we show interactions of several xylanases
with unbranched and branched xylooligosaccharides (Fig. 5C-E)
[53-55], where xylose residues each bury 37-199 A? (avg. 116 10\2) on
binding, with total BSAs including protein of 79-281 A2 (avg. 198 A%
indicating on average significantly stronger interactions at GH subsites.
It is however interesting to note that TaXyn10 in Fig. 5D, has demon-
strated higher activity on feruloyl-arabinose-decorated as opposed to
undecorated xylotriose [53] and likewise for CbXyn10A biochemical
analysis showed that at least six subsites contribute favourably to
binding and activity [54], suggesting that subsites with moderate total
BSAs of ~150 A? still contribute to binding. Thus, some OtCE15A sub-
sites (—2" and +1), with comparable BSAs, are likely to also energeti-
cally contribute to binding, together with the uronic acid moiety.

The dr_sasa analysis also identified 16 residues that are in direct
contact with 40MeGlcA. Among these, Arg268, Ser267, Glu305, and
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Fig. 4. Detailed interactions of OtCE15A-Wt with XA®XU*™2X. A: Pharmit plot of OtCE15A: XA®XU*™2X interactions. Orange mesh indicates H-acceptor, white mesh
indicate H-donors, and red mesh indicate negative charges [56]. B: dr_sasa heatmap of showing amino-acid residues interfacing the subsites of XA’XU*™2X. The
bottom histogram shows the percentage of BSA (A2) for each subsite [47]. C: Ligplot diagram based on PDBsum analysis [46,57]. Dashed lines indicate hydrogen

bonds, while dashed semicircles indicate other contacts.

His408 form the largest interfaces with 40MeGlcA (Fig. 4B). The methyl
group, which is often invoked as essential for fungal GE action, interacts
primarily with Glu290, Ser291 and Ala359 (and additionally seven
other residues). Notably, the xylose at subsite +1' interacts with two
hydrophobic residues, Val313 and Phe314. The other end of the xylan
chain interfaces with hydrophilic residues, such as GIn182, which in-
teracts with both sugar units at subsites —2" and — 3' through hydroxyl

groups and van der Waals interactions with the carbon ring. Addition-
ally, —2" forms notable interfaces with Lys183. These residues
(180-183) are part of Reg2, a region often present (though not neces-
sarily structurally conserved) in bacterial GEs but most often absent in
fungal GEs [9].

Similarly to OtCE15A in complex with XU*™2X, the xylopentaose
portion is less involved in polar interactions but the presence of aromatic
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Fig. 5. Buried surface area analysis, between protein (coloured column) and ligand (grey column) subsites with dr_sasa mode 1 [47]. A: OtCE15A-XA3XU*™?X (PDB:
9HUC). B: OtCE15A-XU*™2X (PDB: 6TOI) [22]. C: Xylanase A-xylopentaose (PDB: 1E5N) [55]. D: TaXyn10-FAX, (PDB: 2BNJ) [53]. E: CbXyn10C-Xyloheptaose (PDB:
50FK) [54].

residues like Trp358, Phe314 and Trp317 allows n-x interaction with the project to contact the area marked in Fig. 6A (as previously suggested)
carbohydrate substrate. Other aromatic residues (Phe141 and Tyr142) [9]. The lack of hydrogen bonds between OtCE15A and the xylan chain
are also close to the expected ‘lignin side’ of the ester, which would of the substrate perhaps could allow the enzyme to accommodate

Fig. 6. Comparison of select bacterial GEs. The active site of (A) OtCE15A in complex with XA3XU*™2X (PDB: 9HUCQ), (B) TtCE15A (PDB: 6HSW) and (C) CkCE15
(PDB: 7NN3) [31,58] both with the ligand in the same position generated by structural alignment with OtCE15A in panel A. Reg2 in all proteins is coloured in cyan.
Relevant residues found in Reg2, the catalytic serine, and oxyanion stabilizing arginine are labelled for each protein. The proposed position of the lignin binding is
highlighted in light brown. Note the differences in Reg2 in TtCE15A and CkCE15 would lead to steric clashes with ligand in the same position observed in the
complex with OtCE15A.
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diversely decorated xylan substrates as would be expected in interaction
with LCCs [12]. As the structure of OtCE15A in complex with XU*™2X
suggested, also in this space group the reducing end of the poly-
saccharide backbone is partly blocked by a symmetry-related molecule,
while the non-reducing end could extend further. However, the non-
reducing end of the oligosaccharide gets farther from the main struc-
ture, interacting less with the enzyme, and therefore we cannot predict a
strong interaction with longer polysaccharidic substrates. Nevertheless,
a previously identified secondary surface binding site for xylobiose,
involving H-bond interactions with the backbone of Ala223 and Ser218,
may provide additional anchoring points for longer glucuronoxylan
chains [22]. Such interactions could enable extended substrates to
associate with the enzyme surface while accommodating decorations at
multiple positions along the xylan backbone. It is however unknown at
what specific stage of the biomass degradation GEs interact in a natural
setting, and decorated oligosaccharides may indeed best represent the
natural substrate. As noted before, aside from the highly conserved in-
teractions with the uronic acid moiety, there is very little conservation of
residues in the substrate binding surface among CE15 members.
Furthermore, we observe that in other bacterial GEs [31,58] where the
structure of Reg?2 is different than in OtCE15A, there would be consid-
erable clashes between Reg2 and XA3XU*™2X if bound identically as in
the structure presented here (Fig. 6) suggesting there could be enzyme
specificity for different carbohydrate portions of the polymeric sub-
strate. However, Reg2 has been found to have higher B-factors than the
rest of the protein in structures of bacterial CE15 enzymes [9,31,58],
indicating that these regions are likely flexible and possibly dynamic,
which could result in movements that accommodate larger or diversely
decorated xylan substrates.

4. Conclusions

The plant cell wall, especially in planta, is a very heterogenous and
complex structure, and ultimately, research on structure-function re-
lationships is limited by the state-of-the-art in visualizing proteins in situ
on intact plant biomass, at sufficient resolution to both determine
binding moieties on the enzyme and on the lignin-carbohydrate com-
plexes. Furthermore, since the details of temporal and spatial action of
specific enzymes on specific tissues are rarely known, the exact struc-
tures attacked by the enzymes may be transient. Within this inherent
limitation, soaking of native OtCE15A with a plant-derived glucur-
onoxylooligosaccharide XA3XU*™2X yielded here a complex with the
largest carbohydrate bound to a CE15 enzyme to date, which has
thereby permitted detailed studies of its protein-substrate interactions.
This structure proves, among other things that decorations of the
oligosaccharide-, and by proxy likely polysaccharide-derived substrates
can be accommodated. The interactions suggest that the active site cleft
hosts the carbohydrate chain but that the main contacts between the
enzyme and the substrate are to the GlcA moiety and the arabinofur-
anosyl decoration. The almost complete lack of hydrogen bonds aside
from the 40MeGIcA residue, while maintaining a significant contact
surface area compared to other poly- or oligosaccharide-degrading en-
zymes, suggests versatile binding which is compatible with the hetero-
geneity of LCCs. This versatility is also a great advantage for industrial
applications when a variable and heterogeneous material like lignocel-
lulosic waste biomass is involved. A major remaining challenge for this
enzyme type is now to study the interaction with the lignin portion of
the substrate, e.g. by advanced computational simulations taking
experimental structural information as a starting point. Looking further
into the future, recent developments in e.g. integration of tomographic
and microscopy techniques hold the promise that at some stage direct
multiscale visualization (including high resolution) of enzymes on
complex matrices will be possible [59].
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