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ABSTRACT: GHS is one of the largest glycoside hydrolase families,
comprising at least 20 distinct activities within a common structural scaffold.
However, the molecular basis for the functional differentiation among GHS
members is still not fully understood, principally for xyloglucan specificity. In
this work, we elucidated the crystal structures of two novel GHS xylo-
glucanases (XEGs) retrieved from a rumen microflora metagenomic library,
in the native state and in complex with xyloglucan-derived oligosaccharides.
These results provided insights into the structural determinants that
differentiate GHS XEGs from parental cellulases and a new mode of action

within the GHS family related to structural adaptations in the —1 subsite. The % s
N

oligosaccharide found in the XEGSA complex, permitted the mapping, for the
first time, of the positive subsites of a GHS XEG, revealing the importance of
the pocket-like topology of the +1 subsite in conferring the ability of some
GHS enzymes to attack xyloglucan. Complementarily, the XEGSB complex covered the negative subsites, completing the subsite
mapping of GHS XEGs at high resolution. Interestingly, XEGSB is, to date, the only GHS member able to cleave XXXG into XX
and XG, and in the light of these results, we propose that a modification in the —1 subsite enables the accommodation of a
xylosyl side chain at this position. The stereochemical compatibility of the —1 subsite with a xylosyl moiety was also reported for
other structurally nonrelated XEGs belonging to the GH74 family, indicating it to be an essential attribute for this mode of
action.

1§

yloglucan is a hemicellulosic polysaccharide present in all biotechnological applications such as xyloglucan gels for drug
higher plants, but predominantly in the primary cell wall delivery,12 cellulose fiber modification,">™" carbohydrate-based
of dicotyledons."™* The backbone of xyloglucan consists of surfactants synthesis,"® production of oligosaccharides for cell
P-14-linked glucopyranosyl residues that are substituted with a wall analysis,"” and most recently, conversion of plant biomass
regular pattern of xylosyl residues at the position 6, which may into chemical and biofuels."® Xyloglucan-degrading enzymes
be further branched. An unambiguous nomenclature was facilitate the access of cellulases and also contribute to release
developed to describe the structure of xyloglucan with a one- sugars that can be further used in fermentation."®
letter code given to each residue of the backbone according to Xyloglucan-specific endo-f-1,4-glucanases (XEGs) or simply
its substituents® as follows: G, p-Glep; X, a-p-Xylp(1 — 6)-»- named as xyloglucanases (E.C. 3.2.1.151) are the enzymes
Glep; L, f-p-Galp-(1 — 2)-a-0-Xylp(1 — 6)-0-Glep; S, a-L- responsible for the hydrolysis of the xyloglucan backbone.
Araf(1 — 2)-a-0-Xylp(1 — 6)-p-Glcp; and F, a-L-Fucp(1 — 2)- XEGs are found in the retaining families GHS, GH12, and
p-p-Galp-(1 — 2)-a-p-Xylp(1 — 6)-D-Glcp. The branch pattern GH16, and in the inverting families GH9, GH44, and GH74 of
depends on the species and tissue of origin.6 the Carbohydrate-Active enZYmes Database'® (CAZy, http://
Xyloglucan is tightly associated with cellulose.” Studies have www.cazy.org/ viewed on November 21, 2014). Most of the
shown that xyloglucan is entrapped during the biosynthesis of characterized XEGs act by cleaving only with an unbranched
cellulose microfibrils, physically connecting it to an adjacent glucosyl residue (G) at the —1 subsite (based on the
fiber.® In this way, xyloglucan plays an important role in the nomenclature f% sugar-binding subsites proposed by Davies
plant cell wall morphogenesis” and also functions as seed and co—workerzsl 2) However, some enzymes belonging to
10 i i families GH74>'~** and GH44% accept or prefer the xylosyl-
storage carbohydrates.™ Its presence in the primary cell wall of p p Xylosy
all land plants suggests that this interaction conferred an ad- substituted residue (X) at the —1 subsite. Two oligoxyloglucan
vantage in the colonization of drier habitats.
Xyloglucans as well as the enzymes involved in their modifica- Received: January S, 2015
tion and degradation have attracted much interest not only Revised:  February 23, 2015
due to their role in plant cell wall”'" but also by their countless Published: February 25, 2015
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reducing-end-specific cellobiohydrolases (EC 3.2.1.150) from
the GH74 family have also been shown to accept a xylosyl
residue at the —1 subsite.**” The GHS family comprises one
of the largest CAZy families with multiple activities for plant
cell wall deconstruction including endo-f-1,4-glucanase (EC
3.2.1.4), licheninase (EC 3.2.1.73), cellulose f-1,4-cellobiosi-
dase (EC 3.2.1.91), f-glucosidase (EC 3.2.1.21), endo-f-1,4-
xylanase (EC 3.2.1.8), mannan endo-f-1,4-mannosidase (EC
3.2.1.78), f-mannosidase (EC 3.2.1.25), endo-f-1,6-galactanase
(EC 3.2.1.164), and xyloglucan-specific endo-f-1,4-glucanase
(EC 3.2.1.151). There are almost 500 members biochemically
characterized and more than S0 structures available for this
family (http://www.cazy.org/ viewed on November 21, 2014).
However, few XEGs from the GHS family have been
functionally characterized,”"** ! and only two structures are
known so far,*>*" despite the biotechnological and physio-
logical importance of these enzymes. The restricted structural
information has limited our understanding of the molecular
determinants for xyloglucan specificity within the GHS family
and consequently the differentiation of GHS XEGs from
homologous cellulases.>”

Thus, in this work, we employed experimental phasing
methods (SIRAS and Se-SAD) to determine the crystal struc-
tures of two novel XEGs, XEGSA, and XEGSB, retrieved from a
metagenome library of bovine rumen microflora.”®*” XEGSA is
most active on tamarind xyloglucan, followed by lichenan, high
degree of polymerization xyloglucan oligosaccharides (HDP-XGO),
and carboxymethyl cellulose (CMC) in decreasing order, and
is not active on cellulose, xylan, arabinoxylan, laminarin, or
pectin.”® XEGSB presents high specificity toward xyloglucan
oligo- and polysaccharides with no detectable activity on CMC,
laminarin, or lichenan.®® XEGSA-catalyzed hydrolysis of
tamarind xyloglucan produces hepta (XXXG), octa (XLXG
and XXLG), and nonasaccharide (XLLG), indicating that
cleavage occurred at the unbranched p-glucopyranosyl residue
of the xyloglucan backbone.”® The end products of XEGSB
action on tamarind xyloglucan are smaller than heptasacchar-
ides, and the cleavage of HDP-XGO and XXXG yields XX and
XG, indicating that cleavage may occur at branched
D-glucopyranosyl residues.*’ This mode of action involving
the recognition of xylosyl-substituted residues at the —1 subsite
is known for three GH74 members;*>*%> however, XEGSB is
the first GHS member with such specificity. The catalytic
domains of XEGSA and XEGSB share 32% of identity, and
their structures have been solved in the native state and in
complex with xyloglucan-derived oligosaccharides at high
resolution. The oligosaccharides bound in the negative subsites
of XEGSB and in the positive subsites of XEGSA, permitted
mapping of all substrate-binding subsites, for the first time,
from GHS XEGs. It revealed the structural requirements for
xyloglucan specificity among GHS members and the structural
basis for XXXG cleavage into XX and XG by XEGSB, which
involves a modification in the —1 subsite enabling the accom-
modation of a xylosyl side chain at this position.

B MATERIALS AND METHODS

Molecular Cloning and Production of the XEG5B
Catalytic Domain. The nucleotide sequence encoding the
XEGSB catalytic domain (XEGSBp) was amplified from the
pET32-XEGSB plasmid® (GenBank ID: ADB44000.1) using
the following oligonucleotides: forward, 5’-CCCGGGGGC-
CATGGCTACCAAGGATGCCCAGGCTATTG-3’, and re-
verse, 5-CTCGAGGAAAGGCCACTTGCCAGCTG-3’ and
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the PlatinumTaq DNA polymerase (Invitrogen, Carlsbad,
CA). The PCR product was cloned into the pGEM-T Easy
cloning vector (Promega, Madison, WI), sequenced, and
further subcloned into the bacterial expression vector pET28a
(EMD Biosciences, San Diego, CA) using the Ncol and Xhol
restriction sites. Escherichia coli BL21(DE3) cells (New England
BioLabs, Woburn, MA), transformed with the pET28a-XEGSB
plasmid, were grown in 1 L of LB medium (10 g/L tryptone,
10 g/L sodium chloride and S g/L yeast extract), supplemented
with 50 pg/mL kanamycin at 37 °C and 200 rpm. When the
culture reached an ODyq ,,, Of 0.6, the expression was induced
with 0.1 mM IPTG for 4 h at 30 °C and 200 rpm.

Overexpression of Native and Se-Met XEG5A. E. coli
BL21(DE3) cells, harboring the pET32b-XEGSA®® plasmid
(GenBank ID: ACZ54907.1), were grown in 1 L of LB
medium, supplemented with 100 pg/mL ampicillin at 37 °C
and 200 rpm. When the culture reached an ODgy,,,, of 0.6, the
expression was induced with 0.1 mM IPTG for 4 h at 30 °C
and 200 rpm. The Se-Met protein was Gproduced according to
the method described by Doubli¢,**™*® in which a nonauxo-
trophic strain is used by inhibiting methionine biosynthesis. In
this protocol, E. coli BL21(DE3) cells harboring the pET32b-
XEGSA®® plasmid were grown in M9 minimal medium (68 g/L
sodium phosphate dibasic, 30 g/L potassium phosphate
monobasic, 5 g/L sodium chloride, 2 mM magnesium sulfate,
37 mM ammonium chloride, 0.2 mM calcium chloride, and
0.0S mM ferric chloride), supplemented with 1% (w/v) glu-
cose, 1% (w/v) thiamin, and 100 pg/mL ampicillin, at 37 °C
and 200 rpm. When the culture reached an ODgygp, of 0.6, it
was supplemented with a sterile mixture of amino acids (lysine,
phenylalanine, and threonine at 1 mg/mL, isoleucine, leucine,
and valine at 0.5 mg/mL, and selenomethionine at 0.6 mg/mL),
and the expression was induced with 0.1 mM IPTG for 4 h at
30 °C and 200 rpm. Amino acids were purchased from Sigma-
Aldrich (St. Louis, MO).

Protein Purification. Cells were harvested by centrifuga-
tion at 6000g for 30 min (4 °C) and further resuspended in
20 mL of buffer A (20 mM Na,HPO, and 0.5 M NaCl, pH 7.5)
supplemented with protease inhibitors (1 mM PMSF and
S mM benzamidine). Cell lysis was performed by chemical
(2 pg/mL lysozyme, 1S min, on ice) and physical (sonication,
10 pulses of 30% amplitude for 15 s, on ice, Sonic Sonifler, tip
360-0420) treatments. The cell extract was clarified by centri-
fugation (20000g, 30 min, 4 °C) and applied onto S mL
Hi-Trap chelating column (GE Healthcare Biosciences, Pittsburgh,
PA) equilibrated with buffer A using an AKTA system (GE
Healthcare Biosciences, Pittsburgh, PA). After extensive
washing with buffer A, bound proteins were eluted with a
nonlinear gradient of buffer B (20 mM Na,HPO,, 0.5 M NaCl
and 0.5 M imidazole, pH 7.5). XEGSA (native and Se-Met
derivative) eluted as a single peak with two distinct populations
according to SDS-PAGE analysis. These samples correspond
to the full-length XEGSA in fusion with thioredoxin (TRX)
and His-tag (named as TRX-XEGSA), and to the His-tagged
catalytic domain (XEGSA¢p), indicating endogenous proteo-
Iytic cleavage. XEGSB(p eluted as a single peak with the
expected molecular weight for the catalytic domain with
His-tag. Fractions of each peak were pooled and concentrated
to 1 mL using Amicon Ultra centrifugal units (EMD Bio-
sciences, San Diego, CA). The concentrated samples were
further purified on a Superdex 75 16/60 column (GE Health-
care Biosciences, Pittsburgh, PA), equilibrated with phosphate
buffer (20 mM Na,HPO, and 0.15 M NaCl, pH 7.5), at a flow
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rate of 0.5 mL/min. TRX-XEGSA and XEGSA.p were
successfully separated by size-exclusion chromatography and
showed high purity and homogeneity according to SDS-PAGE
and dynamic light scattering analyses, respectively. Fractions of
each peak containing pure and homogeneous protein were
pooled, dialyzed against 20 mM HEPES buffer (pH 7.5), and
concentrated by ultrafiltration to 15 mg/mL (Se-Met TRX-
XEGSA), 12 mg/mL (Se-Met XEGSAcp), and 18 mg/mL
(XEGSB¢p). Protein concentration was estimated by Ajgom
using the respective extinction coeflicients of each construct:
99810, 84340, and 83310 M~ cm™ for TRX- XEGSA, XEGS5Acp,
and XEGSBcp, respectively.

Site-Directed Mutagenesis. The single (D40SA) and the
triple (Y323A/D405A/F407A) mutants of XEGSA were con-
structed using the QuikChange multi site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA). Primers were
designed using the QuikChange Primer Design program. The
mutations were confirmed by DNA sequencing. BL21(DE3)-
plyE cells harboring the mutant plasmids were cultured in
selective LB medium at 30 °C overnight, followed by 37 °C for
5.5 h. Protein expression was carried out by the addition of
1 mM IPTG and cultured further at 18 °C for 16 h. The
harvested cell pellet (~1.5 g) was treated with a mixture of
Cellulytic B (15 mL/g cell), lysozyme (0.2 mg/mL), benzonase
(50 U/mL), and protease inhibitor cocktail (Roche Molecular
Biochemicals, Indianapolis, IN). The extracted protein was
purified using a Ni-Sepharose column (20 mM Na,HPO,,
0.5 M NaCl, 10—300 mM imidazole gradient). Activity assays
were performed with AZCL xyloglucan as the substrate
(Megazyme, Wicklow, Ireland). Active fractions were combined
and further purified using a Q-Sepharose FF column (GE
Healthcare Biosciences, Pittsburgh, PA) and a NaCl gradient
(up to 025 M) in 20 mM Bis-Tris buffer, pH 6.2. Active
fractions were pooled, concentrated, and buffer-exchanged into
the initial buffer with added 10% (v/v) glycerol. The purified
mutant enzymes appeared as single bands on SDS-PAGE.

Thin-Layer Chromatography. Enzymatic reactions of the
wild-type and mutant enzymes were measured by monitoring
the formation of small oligomeric products using thin-layer
chromatography. The reaction mixture consisted of 5 ug of
enzyme and substrate (0.5% (w/v) heptasaccharide XXXG
(Megazyme, Wicklow, Ireland), 0.5% (w/v) HDP-XGO
(Megazyme, Wicklow, Ireland) or 1% (w/v) tamarind
xyloglucan (Megazyme, Wicklow, Ireland)) in SO uL of
phosphate buffer (S0 mM K,HPO,, pH 7.0), incubated at
37 °C for 1 h. The reaction mixture was applied onto a HPTLC
silica gel plate, developed with a mobile phase of 1-PrOH/
CH,CN/HOACc (7:1:2), and visualized by spraying with 10%
(v/v) H,SO, and 1 mg/mL orcinol in methanol.

Crystallization. Crystallization trials were performed by the
sitting-drop vapor-diffusion method using a Cartesian Dispens-
ing System (HoneyBee 963, Digilab, Marlborough, MA). The
drops consisting of a mixture of 0.5 uL of protein solution and
an equal volume of reservoir solution were equilibrated against
80 uL of mother liquor at 18 °C. Small single crystals of Se-Met
XEGSA¢p were obtained in 25% (w/v) PEG3350, 20% (v/v)
PEG400, 0.1 M MgCl, and 0.1 M Tris-HCI, pH 8.5. Large
crystals (600 X 150 X 150 um®) were grown after reduction of
PEG3350 concentration to 12% (w/v) in hanging drops pre-
pared with 1 uL of protein solution and 1 uL of reservoir
solution. In some cases, the Tris-HCl buffer of the mother
liquor was replaced by PCB, which is a buffer produced by
mixing sodium propionate (C3;HsNaO,), sodium cacodylate
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(C,H,As0,), and BIS-TRIS propane (C;;H,4N,0Og) in a molar
ratio of 2:1:2, respectively. XEGSBp crystallized in several
conditions, and clusters of 3D crystals were observed in the
condition 2 M ammonium sulfate ((NH,),SO,) and 0.1 M
trisodium citrate (Na;CqHsO,), pH S.S. The addition of 5%
(v/v) glycerol in the condition and changing the temperature
to 4 °C resolved the cluster formation. However, large single
crystals (500 X 300 X 150 pum?®) were only attained when the
drop volume was increased to 2 pL in hanging-drop format.

Data Collection and Processing. Se-Met XEGSA.p
crystal was directly flash cooled in an 100 K nitrogen gas
stream. The Blu-Ice program®” was used to scan the X-ray
energy against the fluorescence emitted by the sample and the
AUTOCHOOCH program®® automatically calculated the
anomalous scattering factors from the fluorescence data.
X-ray diffraction data were collected at the energy of 12 663 eV,
corresponding to the maximum of f” (peak). XEGSA¢p in
complex with xyloglucan-derived oligosaccharides and Tris was
obtained by soaking crystals for 7 h with 10 mM of a mixture of
hepta- (XXXG), octa- (XLXG/XXLG), and nona-saccharides
(XLLG) (Megazyme, Wicklow, Ireland). The glucose complex
was attained by soaking crystals with 10 mM glucose (Sigma-
Aldrich, St. Louis, MO) for 18 h. XEGSA¢p, crystals, grown in
PCB buffer instead of Tris, were incubated with the same
mixture of xyloglucan-derived oligosaccharides, glucose, and
cellotriose (Megazyme, Wicklow, Ireland) (10 mM each) for
1 h. Native XEGSBp crystals were cryoprotected by soaking in
the mother liquor supplemented with 20% (v/v) glycerol for
10 s before flash cooling. XEGSB(p crystals were derivatized
by the quick cryosoaking method.” They were soaked in the
mother liquor solution containing 0.5 M sodium iodide (Nal)
and 20% (v/v) glycerol for 20 s. XEGSB¢p, in complex with
XXLG was obtained by soaking crystals with 10 mM
xyloglucan-derived oligosaccharides for 18 h. All data sets
were collected on the W01B-MX2 beamline at the Brazilian
Synchrotron Light Laboratory (LNLS, Campinas, Brazil)** and
processed and merged with XDs* using the CC,,, criterion
(>0.5) for high-resolution cutoff.*

Structure Solution and Refinement. The native structure
of XEGSAcp was solved by the single anomalous dispersion
(SAD) method using the diffraction data from the Se-Met
crystal. The programs SHELXD and SHELXE* were used for
heavy atom location and phase calculation, respectively. The
model was initially built with the AutoBuild wizard** from the
PHENIX package. The structure of XEGSA(p in complex with
ligands was solved by molecular replacement method with the
program MolRep® using the refined native structure of
XEGSA(p as template. The native structure of XEGSBp was
elucidated by the single isomorphous replacement with
anomalous scattering (SIRAS) method using the same pro-
grams and routines applied to XEGSA(p phasing. All structures
were refined with the program REFMAC5* and manually
inspected using the program COOT.*” The refined structures
were evaluated using the program MolProbity.** Data
collection, processing, and refinement statistics are summarized
in Table 1.

B RESULTS AND DISCUSSION

XEG5A Has Higher Structural Similarity to Cellulases
than to GH5 Xyloglucanases. XEGSAp, structure could not
be solved by molecular replacement methods, even if combined
with structure modeling and crystallographic model-building
techniques.*” Crystal derivatization according to the quick
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cryosoaking method® with iodide and cesium ions was
unsuccessful due to crystal dissolution in the presence of
such salts. Then, its three-dimensional structure was only
determined by the SAD method with Se-Met crystals. Two
protein chains were found in the asymmetric unit, forming an
interface stabilized by magnesium ions (Figure S1A, Supporting
Information). These ions make several water-mediated contacts
with both protomers, exhibiting an octahedral coordination
cage (Figure SIB), which probably contributed to a well-
ordered and stable periodic crystalline arrangement. However,
this interface is likely a crystallization artifact since size-
exclusion chromatography and dynamic light scattering
indicated that XEGSA¢p is a monomer in solution (results
not shown).

XEGSA¢p structure comprises the classical (B/a)g-barrel
(Figure 1A) and as expected for proteins with this fold, the
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Figure 1. Overall structures of XEGSAcp and XEGSB¢p. (A) Their
structures were superposed and the main differences in the catalytic
interface are colored in pink (XEGSA) and blue (XEGSB) (left). The
eight fully conserved residues in the GHS family are shown (right) in
the same color pattern. (B) The ligands in the negative subsites of
XEGSB and in the positive subsites of XEGSA are shown to delineate
the subsites from —4 to +3. Catalytic residues of XEGSA and XEGSB
are also depicted. The structures are in similar orientations in panels
A and B.

substrate binding region is located at the carboxy-terminal
ends of the f-strands, being formed by the loops that connect
f and « elements of the barrel (Figure 1A). The eight invariant
residues of GHS enzymes,so‘51 which are ArglS0, His194,
Asn239, Glu240, His314, Tyr316, Glu362, and Trp39S
(XEGSA sequence numbering), are also conserved in XEGSA
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(Figures 1A and S2). In this context, by analogy with other
GHS enzymes, the catalytic residues are Glu240 (acid/base)
and Glu362 (nucleophile).

According to the classification proposed by Henrissat and co-
workers,”> XEGSA belongs to the subfamily 4, which is the only
subfamily enclosing XEGs. However, within this subfamily,
XEGSA showed higher similarity to cellulases than to XEGs.
Among the structurally characterized GHS_4 members, the
most similar enzymes are the endoglucanase from Piromyces
rhizinflata (PrEglA;>® PDB ID: 3AYR; rms.d. 1.3 A, 335 Ca
atoms, 39% ident.) and the multifunctional cellulase, xylanase
and mannanase from Clostridium thermocellum (CtMult, PDB
ID: 4IM4; rm.s.d. 1.3 A, 328 Ca atoms, 41% ident.). The two
XEGs from Paenibacillus pabuli (PpXGS,*® PDB ID: 2JEQ) and
Bacteroides ovatus (BoGHSA,*' PDB ID: 3ZMR), share 34 and
30% of identity with XEGSA, respectively, and they resulted in
an r.ms.d. of 2.0 A when superposed to XEGSAcp. The fact
that XEGSA is more similar to cellulases than to homologous
XEGs indicates that xyloglucan specificity within the GHS
family is closely related to subtle structural changes, despite the
overall sequence similarity. These observations suggest a poor
correlation between primary structure and biological activity or
mode of action, when analyzing a large group of proteins with
broad functional diversity such as the GHS family.
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Figure 2. XEGSA¢p, complexes with glucose and Tris (A), glucose (B),
and cellotriose (C). The 2F, — F, electron density maps contoured at
1o of the ligands on the surface of XEGSA (left) and protein—ligand
interactions (right) are shown.
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Figure 3. XEGSA(p in complex with XLG and Tris. (A) The xyloglucan oligosaccharide occupies the positive subsites (+1 to +3). (B) Depiction of
the 2F, — F. electron density maps contoured at 1 6 of XLG and Tris. Schematic representation of the interactions made by XEGSA with backbone

glucosyl residues (C), Xyl*"’ (D) and, both Xyl** and Gal**” (E).
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Figure 4. XEGSA(p in complex with XGG. (A) Representation of the 2F, — F, electron density map of the xyloglucan oligosaccharide contoured at
lo. (B) Relative position of the oligosaccharides in the presence (pink) or absence of Tris (green). (C) Stereoview of protein-carbohydrate

interactions.

Exploring the Sugar—Protein Interactions at the Positive
Subsites of GH5 Xyloglucanases. Soaking of XEGSAcp
crystals with glucose resulted in the occupation of the +1 sub-
site (Figure 2A). This monosaccharide makes stacking inter-
actions with the side chain of Trp250 and a hydrogen bond
with Glu240 (Figure 2A). In this complex, there is also a Tris
molecule making several direct and water-mediated contacts
with Aspll4, Hisl94, His195, Glu240, Tyr316, Glu362,
Trp395, and Glu40S; however, this ligand does not participate
in the coordination of glucose (Figure 2A). In absence of Tris,
the soaking with glucose resulted in the occupation of the —3
subsite (Figure 2B). Similarly to that observed in other GHS
XEGs,*>*" this glucose is stabilized mainly by stacking
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interactions with Trp128 and additionally by hydrogen bonds
with Asn111 (direct) and Glu40S (water-mediated) (Figure 2B).

There is a lack of structural data for the binding mode of
xyloglucan to the positive subsites of GHS XEGs. Therefore,
the binding of cellotriose and xyloglucan oligosaccharides to
these subsites in the XEGSA¢p, crystal (Figure S3) was instru-
mental to complete the mapping of the substrate-binding
subsites of GHS XEGs (Figures 2—4). Cellotriose was observed
through the positives subsites from +1 to +3 (Figure 2C), with
the binding mediated by sugar-aromatic interactions (Tyr319
and Trp250) and hydrogen bonds with Tyr323 and Glu240
(Figure 2C), as classically observed in GHS cellulases complexes.

The xyloglucan-derived oligosaccharide used to soak
XEGSA(p crystals was a mixture of XXXG, XXLG, XLXG,
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Figure S. Pocket-like topology of the +1 subsite of GHS XEGs. (A) Front view of the xylosyl residue at the +1 subsite of XEGSA. (B) Residues
forming the +1 subsite of XEGSA. The structure of XEGSA has the same color pattern and similar orientations in panels A and B. (C) Side view of
the region corresponding to the +1 subsite pocket (traced in black) of some GHS enzymes discussed in this work. The only GHS member in this
panel without the pocket-like topology at the +1 subsite is BsCelSA (surface in green), which is not active on xyloglucan oligo- and polysaccharides.

and XLLG, which are end products of xyloglucan degradation
by this enzyme.*® In the presence of Tris, a strong electron den-
sity was observed spanning from +1 to +3 subsites (Figure 3A)
where a XLG was modeled (Figure 3B). Thus, the ligand in the
active site is either XLXG or XLLG. However, the lack of
electron density did not permit modeling of Xyl**’ (and Gal*’,
if it is the case) and Glc*, indicating these residues are non-
productive for substrate binding.

The side chains of Trp250, Tyr323, Tyr319, and Phe320
form an aromatic patch at the positive subsites for accommoda-
tion of the glucosyl main-chain residues (Glc™, Glc™?, and Glc*)
(Figure 3C). Interestingly, this set of residues is not conserved in
other GHS enzymes (Figure S2). Tyr323 is only observed in
XEGSA and Phe320 is present in few enzymes (Figure S2).
Trp250 is conserved in several GHS enzymes, but this loop
region differs between GHS XEGs, PpXGS, and BoGHSA.
The Glc*' is additionally stabilized by hydrogen bonds with
Tyr3230H, Glu2400¢2, and Tris (Figure 3C).

In contrast to the main-chain residues, the xylosyl sub-
stituents are mainly stabilized by polar interactions (Figure 3D,E).
Xyl*" interacts with the backbone nitrogen of Tyr316 and
makes water-mediated hydrogen bonds with Glu240, Trp250,
Gly290, Asn292, Ser293, Asp294, Tyr319, and GIn343 (Figure 3D).
Xyl**" only makes water-mediated interactions with Glu249 and
Arg242, and its substituent, Gal™”, is hydrogen bonded to Glu249
and form water-mediated contacts with Ser246, Arg242, and
Glu249 (Figure 3E).

In the absence of Tris, the oligosaccharide showed a slightly
different conformation, in which the Xyl**' substituent was not
observed (Figure 4A—C). In this new complex, the Glc*' does
not interact with Tyr3230H (Figure 4C) and the O4 atom
occupies the corresponding position of the Glc'* O3 atom in
the presence of Tris (Figure 4B). The displacement of Glc*'
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consequently altered the position of Xyl*' and new interactions
are formed with Glu249 (water-mediated), Trp250, Gly252
(water-mediated), Gly290, Asn292, and His314 (Figure 4C).
Glc** and Glc*? are similar in both complexes.

Structural superposition of cellulases®** and f-1,3-gluca-
nases”® on GHS XEGs (including XEGSA (this work), XEGSB
(this work), PpXGS30 and BoGHSA®') indicates that the
oligosaccharides occupy similar positions in the positive
subsites of these proteins. All these enzymes present a narrow
cleft at +1 and +2 subsites, delimited by aromatic side chains
that interact with the carbohydrate by hydrophobic stacking.
Then, the high-resolution mapping of the positive subsites of
GHS XEGs along with structural comparative analysis indicates
a conserved mechanism for substrate backbone recognition
among GHS members, despite the distinct specificities.

Pocket-Like Topology of the +1 Subsite Is Conserved
in GH5 Xyloglucan-Specific Endo-f-1,4-glucanases. The
only two structures of GHS xyloglucan-specific endo-f-1,4-
glucanases available has limited our understanding of the
structural determinants for xyloglucan specificity within this
family, and the structural data of two novel GHS XEGs, with
low sequence similarity to those already reported, contributed
to identify a conserved pocket-like topology of the +1 subsite
for accommodation of the xylosyl moiety.

In XEGSA, Xyl*" is accommodated by a pocket (Figure SA)
delimited by the residues Glu240, Trp250, Gly290, His291,
Asn292, Ser293, Asp294, Hi314, Thr31S, Tyr316, Tyr319, and
GIn343 (Figure SB). His291, His314, Thr31S, and Tyr316
form the bottom of the pocket and the other residues delineate
the borders of the pocket (Figure SB). Glu240, His314, and
Tyr316 are strictly conserved in the GHS family, but the
other residues are divergent (Figure S2), suggesting that this
topology at the +1 subsite is particular to GHS members with
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Figure 6. XEGSBy, structure in complex with XXLG. (A) The His-tag of a symmetry molecule (green) occludes the positive subsites of XEGSB,
and the oligosaccharide XXLG (orange) occupies the negative subsites. (B) Representation of the 2F, — F, electron density map of XXLG contoured
at 1o. Interactions made by XEGSB with backbone glucosyl residues (C), Xyl™> (D) and Xyl™* (E).

preference for xyloglucan as substrate. Indeed, structural anal-
ysis of the structurally characterized XEGs, XEGSA (this work),
XEGSB (this work), BoGHSA,* and PpXG5,30 showed a deeper +1
subsite with the same pocket-like topology (Figure SC).
A similar pocket is present in the structure of the cellulase SA
from Thermotoga maritima (TmCelSA;57 PDB ID: 3MMUj;
Figure 5C). This cellulase is capable of cleaving xyloglucan,®”
and, interestingly, the oligosaccharide from XEGSA complex
could be well fitted into the TmCelSA pocket. On the other
hand, GHS members with very low or nondetectable activity
on xyloglucan, for instance, the Bacillus subtilis cellulase SA
(BsCel3A,*® PDB ID: 3PZT, Figure 5C), does not exhibit a
pocket-like topology at the +1 subsite. Other GHS enzymes
have a deeper +1 subsite, such as PrEgIA>* (PDB ID: 3AYR),
CtMult (PDB ID: 4IM4, unpublished data), the putative
cellulase from Prevotella bryantii (PDB ID: 3VDH, unpublished
data), and the endoglucanase A from Clostridium cellulolyticum™°
(PDB ID: 1EDG). However, these enzymes have not been char-
acterized with respect to cleavage of branched substrates, pre-
cluding their systematic comparison with GHS XEGs. On the
basis of these analyses, we might suggest that the pocket-like

1937

topology of the +1 subsite strongly correlates with the ability to
cleave xyloglucans, a common feature among the structurally
characterized GHS xyloglucan-specific endo-f-1,4-glucanases.
XEG5B Structure and Mapping of Negative Subsites.
The full-length XEGSB was produced in E. coli cells in fusion
with TRX at the N-terminus and with His-tag at the C-terminus.
However, this construct did not yield crystals probably due
to the flexibility conferred by the linker regions in the multi-
modular organization. Furthermore, this protein was found to
be resistant to proteolysis, which prevented the use of the same
strategy employed for XEGSA crystallization. Thus, for
crystallographic purposes, the catalytic domain of XEGSB
(XEGSB(p) was cloned and overexpressed with a C-terminal
His-tag. This construct showed high stability and promptly
yielded crystals that diffracted up to 1.7 A resolution (Table 1).
The successful derivatization of XEGSB¢p crystals with iodine
anions permitted us to solve its structure by the SIRAS method
(Table 1). As expected, the XEGSB¢p, structure exhibits a
(/) g-barrel architecture (Figure 1A), and the eight invariant
residues of GHS enzymes®”>" are conserved including Arg193,
His235, Asn292, Glu293 (acid/base), His368, Tyr370,
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Figure 7. Surface binding site for xyloglucan oligosaccharide in XEGSB. (A) Location of the secondary binding site (XXG in gray) in relation to the
catalytic interface (XXLG in orange). (B) Depiction of the 2F, — F, electron density map of XXG (contoured at 0.80). (C) Protein-carbohydrate
interactions in the exosite. (D) Residues forming the surface binding site.

Glu431 (nucleophile) and Trp471 (XEGSB sequence number-
ing, Figures 1A and S2). In contrast to XEGSA, XEGSB showed
highest similarity to the two structurally characterized GHS
XEGs, PpXG5*° (PDB ID: 2JEP; r.m.s.d. 1.8 A, 342 Ca atoms,
37% ident.) and BoGHSA®' (PDB ID: 3ZMR; r.m.s.d. 2.0 A,
345 Ca atoms, 30% ident.), and not to homologous cellulases
from the GHS_4 subfamily. Preliminary homology modeling
studies™ suggested that an insertion in the #3-a3 loop (Phe246
to Thr262) would block one end of the active site conferring
the unique mode of action of XEGSB within the GHS family.
However, the crystal structure of XEGSB(p showed that this
loop does not obstruct the catalytic interface, and thus other
structural elements are likely involved in its mode of action.
The crystal structure of XEGSB¢p has been solved in the
native form and in complex with xyloglucan oligosaccharide
(Table 1). The r.m.s.d. of Ca atoms is 0.073 A for superposed
structures, and the main changes are in the side-chain con-
formations of residues interacting with the saccharides. Even
though the positive subsites (+2 and +3 subsites) were
obstructed by the His-tag of a symmetry molecule in the
XEGSBcp crystal, the negative subsites were accessible, and one
of the four xyloglucan-derived oligosaccharides (XXXG, XXLG,
XLXG, and XLLG) bound to this region of the active site
(Figure 6A). A galactosyl substituent cannot be accommodated
by the —3 subsite due to steric impediments, whereas Gal™>"
was modeled. Therefore, XLLG and XLXG are excluded, and
XXLG is the only possible oligosaccharide attached to the
negative subsites of this crystal packing. The good quality of the
electron density map at 1.15 A resolution permitted us to
model all carbohydrate moieties of this ligand (Figure 6B).
Glc™lis hydrogen bonded to His235, Asn292, Glu431, Glu293,
and Tyr370 (Figure 6C), and all these residues are strictly
conserved in the GHS family (Figure 1A and S2). This residue
also makes water-mediated contacts with GlulS9, AsnlS6,
GIn296, and Gly377. At the —2 subsite, the glucosyl residue is
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interacting with Trp471, Asnl156, and Glul59 (Figure 6C).
Glc™ makes stacking interactions with Trp471, whereas Glc™*
is only hydrogen bonded to the carbonyl oxygen of Serl70
(Figure 6C). The absence of hydrogen bonds with Glc™ has
also been reported for the two other GHS XEGs, PpXGS5,*° and
BoGHSA.>" Xyl™ is stacked with Trp236 and makes several
water-mediated interactions with Asn292, Glu293, Glu242,
Trp236, Glu297, and GIn296 (Figure 6D). In the native struc-
ture, a glycerol molecule occupies the position corresponding
to Xyl ™. Xyl™ only interacts with the protein (Thr473, Asn156,
Trpl71, and Asp47S) through solvent molecules (Figure 6E).
Xyl™ and Gal™” exclusively make intramolecular hydrogen
bonds with other XXLG residues.

In comparison with the PpXGS complex, the xyloglucan
oligosaccharide has a similar binding mode, preserving the
relative positions of Xyl™’, Gal™’, and Xyl (Figure S4).
However, only in the XEGSB complex the residues Xyl™* is
visible. In the BoGHSA complex, the Xyl™ moiety adopts a
totally different conformation so that preventing the presence
of Gal™” in the position observed in the XEGSB complex
(Figure S4). It is also worth noting that Glc™' adopts an
a-configuration in the XEGSB complex and a #-configuration in
the PpXGS complex’® (PDB ID: 2JEQ). In the a-configuration,
Glc™! interacts with the nucleophile (Glu431 in XEGSB, 2.4 A)
and with the acid/base (Glu293 in XEGSB, 3.2 A), while in the
P-configuration this residue only interacts with the acid/base
(Glu182 in 2JEQ, 2.2 A).

A Secondary Carbohydrate Binding Site in XEG5B. A
second xyloglucan oligosaccharide, bound to a remote site,
was also observed in the XEGSB complex (Figure 7A). This
surface (secondary) binding site (SBS) is located in a pocket
delimited by the structural elements a7, a7, and a8, which is
approximately 20 A far from the negative subsites (Figure 7A—D).
The electron density map allowed us to build the oligosaccharide
XXG (Figure 7B). Glc' interacts via solvent molecules with Val497
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Figure 8. Accommodation of a xylosyl side chain in the —1 subsite determines the action mode of XEGSB. (A) The —1 subsite of the GH74 XEG
from Geotrichum sp. M128 (PDB ID: 3A0F) has a tyrosine in the corresponding position of the Xyl™" side chain in OXG-RCBH (PDB ID: 2EBS).
(B) Similar to GH74 enzymes, the side chains of three residues of XEGSA occupy the corresponding Xyl™"'-binding subsite present in XEGSB. (C)
Thin-layer chromatographic analysis of hydrolytic activity of XEGSA mutants against XXXG, HDP-XGO, and xyloglucan. Xylosyl-cellobiose (XC,
borohydride reduced, Megazyme, Wicklow, Ireland) is used as a molecular weight marker. (D) The —1 subsite of XEGSB is unique between

structurally characterized GHS XEGs.

(main-chain nitrogen atom), Thr438, and Asn480 (Figure 7C).
GI¢? is hydrogen bonded to GIn443, Thr438, and Asn480,
whereas Glc® does make any contact with the protein
(Figure 7C). Xyl" is attached to Asn499, AsnS00, and
Asn447, and makes water-mediated interactions with GIn443
and Thr438 (Figure 7C). Xyl only interacts with Gln254.
Among all residues forming this SBS, only Asn447 and AsnS00
are conserved in PpXGS5, and this pocket is not present in other
structurally characterized GHS XEGs, indicating it to be a
particular feature of XEGSB.

SBSs have been identified in approximately 50 carbohydrate-
active enzymes (http://www.cazypedia.org/index.php/
Surface Binding_Site), and according to the literature,® they
might function as allosteric regulators, pseudo-CBMs, or
extensions of the active site. Besides XEGSB, only in the
crystal structure of the exo-$-1,3-glucanase from Candida
albicans®® was observed an SBS within the GHS family. The
SBS in this enzyme is located at the opposite face of the active
site and differs from the XEGSB SBS. In the C. albicans exo-
p-1,3-glucanase, the presence of this exosite was suggested to
assist the association of the enzyme with branched glucans of
the C. albicans cell wall,>® and in XEGSB, it may have a role in
targeting the enzyme to the cellulose-xyloglucan complex.

Structural Basis for a-p-Xylp(1 — 6)-p-Glcp Recog-
nition at the —1 Subsite by XEG5B. XEGSB only cleaves
xyloglucan and does not act on unbranched glucans, suggesting
that side-chain substitutions are needed for substrate recogni-
tion.”” The end products of HDP-XGO hydrolysis by XEGSB
are XX and XG, and the enzyme cleaves XXXG into XX
and XG, indicating that cleavage occurred at branched
p-glucopyranosyl residues.”” This property of cleaving at
branched residues has been reported for a few GH74 enzymes:
oligoxyloglucan reducing-end-specific cellobiohydrolase
(OXG-RCBH) from Geotrichum sp. M128° Cel74A from
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Hypocrea jecoring,”> and an endoxyloglucanase from Xanthomonas
citri pv Mangiferaeindicae>® The three-dimensional structure of
Cel74A has not been solved to date, but enzymatic assays indicate
that its active center is composed of at least four subsites and that
the enzyme is not able to hydrolyze xyloglucan at unbranched
glucosyl residues.”” The Xanthomonas XEG structure is also
unknown, but the cleavage pattern showed that the enzyme has
an absolute requirement for a xylosyl side chain at the —1
subsite.>® The structure in complex with XXXG (spanning from
—2 to +2 subsites) clearly shows that OXG-RCBH recognizes a
xylosyl moiety at the —1 subsite via the residue Asn488.°° A
XEG from Geotrichum sp. M128, that is very similar to OXG-
RCBH (48% identity), has the —1 subsite occupied by
Tyr457°" (Figure 8A), and the Y457G variant cleaved the
xyloglucan oligosaccharide at various sites (X{X|{X|GIX|X]
XG) instead of the only site (XXXG|XXXG) cleaved by the
wild-type enzyme, which confirmed the importance of the —1
subsite topology for its mode of action.®'

XEGSB has a wide cleft around the —1 subsite (Figure 8B),
similar to that observed for OXG-RCBH® (Figure 8A). Although
there is no XEGSB—xyloglucan complex with Xyl™"’, molecular
modeling indicates that this carbohydrate moiety might be
accommodated by the —1 subsite of XEGSB (Figure 8B). More-
over, superposition of XEGSA on XEGSB structure showed that
at least three residues of XEGSA occupy the corresponding
volume of Xyl™"": Tyr323, Glu40S, and Phe407 (Figure 8B). In
an attempt to confirm that the aperture of this cleft contributes
to substrate specificity and cleavage pattern, these three
residues of XEGSA were mutated to alanine. The Y323A
mutant presented similar catalytic activity to that observed for
the wild-type enzyme, being active on tamarind seed xyloglucan
polysaccharide and HDP-XGO, but not cleaving XXXG (Figure 8C).
The triple mutant (Y323A/E405A/F407A) did not cleave any
of the tested substrates (Figure 8C), demonstrating that these
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substitutions abolished the enzymatic activity of XEGSA
probably due to extensive perturbation of the active site.
Structural analysis revealed that the Xyl '-binding subsite in
XEGSB, formed by the loops f6-a6, B7-a7, and f38-a8, is
unique in both amino-acid composition (Figure S2) and three-
dimensional structure (Figure 8D), corroborating that those
side-chain mutations would not be sufficient to mimic the —1
subsite of XEGSB in XEGSA. Nevertheless, the structural
evidence presented here are as much as necessary to support an
important role of these adaptations in the —1 subsite of XEGSB
for XXXG cleavage into XX and XG.

Xyloglucan hydrolysis by XEGs usually produces hepta
(XXXG), octa (XLXG or XXLG), and nonasaccharides
(XLLG)?*3%316276% indicating that cleavage occurs between
an unbranched and a branched glucopyranosyl residue. The
end products of HDP-XGO hydrolysis by XEGSB are XX and
XG, which suggests the following cleavage pattern--XX|XG|
XX|XG---. On the basis of this mode of action, we can assume
that the enzyme can accept both branched and unbranched
glucopyranosyl residues at —1 and +2 subsites, whereas at —2
and +1 subsites there is always a branched residue.

These observations indicate that side-chain residues at —2
and +1 subsites are important for substrate binding and
corroborate with biochemical and structural data available for
other GHS XEGs.>**! As discussed above, the binding of a
xylosyl side chain at the +1 subsite pocket seems to be essential
for substrate binding and catalysis in XEGs. Moreover, stacking
interactions with Xyl™ are present in XEGSB, PpXGS, and
BoGHSA, enzymes only active on branched polysaccha-
rides, > 3! suggesting a relevant role of this interaction for
substrate recognition. On the other hand, the side-chain
substitutions at the +2 subsite are not strictly necessary for
substrate binding as supported by XEGSA-—xyloglucan
complex, in which the Glc** is strongly stabilized by stacking
interactions with Trp250 and Tyr319, and its xylosyl sub-
stituent points outside the catalytic cleft (Figure 3A). At the —1
subsite, only XEGSB can accommodate a xylosyl side-chain
among the GHS XEGs. But similarly to that observed for the
+2 subsite, the presence of Xyl™" is not essential for substrate
interaction. In this case, the numerous interactions made by
backbone glucosyl residues (Figure 6C) would be sufficient for
correct assignment.

In addition, the cleavage of XXXG by XEGSB® indicates that
this oligosaccharide has the minimal requirements for produc-
tive interactions leading to hydrolysis. This is in agreement
with the few interactions made by XEGSB with the xyloglucan
oligosaccharide at —3 and —4 subsites (Figure 6C). Moreover,
according to XEGSA complex structure, the +3 subsite of
XEGSB should not make interactions with the substrate. Thus,
our structural analyses show that the active site of XEGSB is
constituted by four high-affinity subsites (—2 to +2), and, for
correct substrate binding in this cleft, side-chain substitutions at
—2 and +1 subsites are strictly necessary. In this way, linear
polymers, such as p-glucan, CMC, and lichenin constitute
“poor” substrates for XEGSB, which is in accordance with
nondetectable activity on these polysaccharides.”

B CONCLUDING REMARKS

Xyloglucan differs from cellulose by the presence of a regular
pattern of substitutions at the C6 position of the backbone
glucopyranosyl residues. The classification of a glycoside
hydrolase as a cellulase or XEG depends on the best substrate
for that enzyme.>> Despite their preference, enzymes may also
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cleave other substrates with lower catalytic efficiency. Cellulases
have a preference for linear polysaccharides, but some of them
may also hydrolyze xyloglucan. In this case, they merely tolerate
branched substrates. XEGs are the enzymes with a catalytic
preference for xyloglucan. Their active site accommodates
xyloglucan saccharides, making interactions with both carbohy-
drate backbone and side-chain moieties. Some XEGs also cleave
linear polysaccharides, possibly due to the presence of sufficient
interactions with the backbone to permit hydrolysis, but in a
much less productive way.

In this study, we solved the structures of two novel GHS
XEGs in complex with xyloglucan oligosaccharides and other
ligands. The oligosaccharide found in the XEGSA complex
permitted us to map, for the first time, the positive subsites of a
GHS XEG. This complex also showed that the pocket-like
topology of the +1 subsite is essential for the binding of a
xylosyl side chain, which probably has an important role in
substrate recognition by GHS XEGs. The oligosaccharide
found in the XEGSB complex along with extensive structural
analyses revealed the structural basis for XXXG hydrolysis,
which involves a modification in the —1 subsite, enabling the
accommodation of a xylosyl moiety at this position.

In summary, this work provides a complete high-resolution
subsite mapping of GHS XEGs and sheds light on the structural
determinants for their mode of action and how they recognize
and bind to branched substrates. These enzymes have great
importance in the conversion of lignocellulose into fermentable
sugars, especially when dicotyledons are the source of the
biomass.

B ASSOCIATED CONTENT

© Supporting Information

The magnesium ion coordination in the XEGSA structure
(Figure S1), multiple sequence alignment of GHS enzymes
(Figure S2), the occlusion of the negative subsites by a
symmetry molecule in the XEGSA crystal structure (Figure S3),
and the binding mode of xyloglucan oligosaccharides in the
negative subsites of XEGSB, BoGHSA and PpXGS (Figure S4).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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