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The enzymatic degradation of plant polysaccharides is emerg-
ing as one of the key environmental goals of the early 21st cen-
tury, impacting on many processes in the textile and detergent
industries as well as biomass conversion to biofuels. One of the
well known problems with the use of nonstarch (nonfood)-based
substrates such as the plant cell wall is that the cellulose fibers
are embedded in a network of diverse polysaccharides, includ-
ing xyloglucan, that renders access difficult. There is therefore
increasing interest in the “accessory enzymes,” including xylog-
lucanases, that may aid biomass degradation through removal of
“hemicellulose” polysaccharides. Here, we report the biochem-
ical characterization of the endo-f3-1,4-(xylo)glucan hydrolase
from Paenibacillus polymyxa with polymeric, oligomeric, and
defined chromogenic aryl-oligosaccharide substrates. The en-
zyme displays an unusual specificity on defined xyloglucan oli-
gosaccharides, cleaving the XXXG-XXXG repeat into XXX and
GXXXG. Kinetic analysis on defined oligosaccharides and on
aryl-glycosides suggests that both the —4 and +1 subsites show
discrimination against xylose-appended glucosides. The three-
dimensional structures of PpXG44 have been solved both in
apo-form and as a series of ligand complexes that map the —3 to
—1 and +1 to +5 subsites of the extended ligand binding cleft.
Complex structures are consistent with partial intolerance of
xylosides in the —4' subsites. The atypical specificity of PpXG44
may thus find use in industrial processes involving xyloglucan
degradation, such as biomass conversion, or in the emerging
exciting applications of defined xyloglucans in food, pharma-
ceuticals, and cellulose fiber modification.

The xyloglucans comprise a family of cell wall polysaccha-
rides found in many land plants, including both monocots and
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dicots, where they function as structural and/or storage gly-
cans. Whereas grasses can have as little as 1-5% xyloglucan (dry
weight) in their cell walls, the cell walls of diverse monocots and
dicots may contain up to 25% xyloglucan as a matrix glycan that
is intimately associated with cellulose (1-5). In the seeds of
plants that have recruited xyloglucan as a storage polysaccha-
ride, xyloglucan levels can approach half of the dry weight (6, 7).
Estimates place the annual terrestrial net primary production of
plant biomass on the tens of gigatonnes scale (as elemental car-
bon), with total a terrestrial biomass pool of ~2000 Gt (8, 9).
The near-ubiquity of xyloglucans in the terrestrial biosphere
thus provides ample fodder for saprophagic micro-organisms,
as well as a renewable commodity for potential valorization.

Xyloglucans can also be considered as Nature’s water-soluble
(or, at least water-dispersible) cellulose derivatives. The hall-
mark of xyloglucans is a linear 8-1,4-glucan main chain, iden-
tical to that of cellulose, which is substituted with a-1,6-linked
xylopyranosyl units at regular repeating intervals. Common
xyloglucan repeats are built on a cellotetraosyl core, including
the XXXG motif, in which one unbranched glucopyranosyl unit
(denoted “G” (10)) is followed by three xylosylated Glcp units
(each denoted “X”), and the XXGG motif, in which two
unbranched Glcp units are followed by two xylosylated Glcp
units (Fig. 1). A limited number of more heavily and more
sparsely branched xylogluco-oligosaccharides are also known.
Further elaboration of these motifs with combinations of galac-
topyranosyl, arabinofuranosyl, L-fucopyranosyl, xylopyranosyl,
and O-acetyl groups gives rise to a diversity of species- and
tissue-specific xyloglucans (see Refs. 2, 3, 11, and 12 for a com-
prehensive overview of known structures).

It has been long recognized that certain cellulases, more for-
mally endo-3-(1-4)-glucanases (EC 3.2.1.4), can also catalyze
endo-hydrolysis of XGs (EC 3.2.1.151), as a direct consequence
of the backbone homology of these two polysaccharides. More-
over, limit-digestion of xyloglucan with endo-glucanases typi-
cally produces well defined oligosaccharide mixtures arising
from cleavage at specific, usually unbranched, glucosyl resi-
dues. Initial speculation about the specificity determinants of
endo-glucanases (13) was contemporary with the first three-
dimensional structural studies on these enzymes in the mid-
1990s (14), but only recently have combined structure-function
analyses of endo-(xylo)glucanases been given focused attention
(reviewed in Ref. 15). Presently, tertiary structures of endo-glu-
canases with some degree of specificity for the highly branched
xyloglucan chain have been obtained for glycoside hydrolase
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FIGURE 1. Common side-chain decorations of xyloglucans. Xyloglucan
fragments are named according to Ref. 10.
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families (16) GH5 (17), GH12 (17), GH16 (18, 19), GH44 (20—
22), and GH74 (23-26). In a number of these cases, crystallo-
graphic complexes with xylogluco-oligosaccharides have illu-
minated key discriminating enzyme-substrate interactions (17,
19, 23, 24).

Presently, the discovery of new xyloglucanases continues
(27-31), stimulated in part by a significant contemporary inter-
est in plant cell wall saccharification (32). Indeed, the potential
of endo-xyloglucanases to synergize with cellulases in the deg-
radation of the recalcitrant plant cell wall was highlighted over
15 years previously (33). Specific xyloglucanases may also be
useful in tailoring the polysaccharide for diverse applications
(34). The crystal structures of GH44 enzymes belonging to
three different organisms have been reported to date as follows:
six structures of an endo-glucanase from Clostridium thermo-
cellum (CtCeld44A) (20), one structure of an endo-glucanase
from Clostridium acetobutylicum ATCC 824 (CaXG44) (22),
and two structures of a “bifunctional glucanase-xylanase” iso-
lated from a metagenome library (u#cCelM2) (35). In this
context, we present here the structural and functional charac-
terization of a new mixed-function Paenibacillus polymyxa
endo-3-(1-4)-xyloglucanase, (PpXG44) from glycoside hydro-
lase family 44 (GH44). It exhibits broad activity toward tama-
rind xyloglucan, barley B-glucan, and synthetic soluble cellu-
lose derivatives. Notably, the enzyme was able to accommodate
both G and X units in the —1 subsite, in contrast to many
known endo-xyloglucanases from other GH families. Fine grain
kinetic and protein structural analysis using a range of specific
oligosaccharide substrates and inhibitors served to further illu-
minate active-site features responsible for this unusual
specificity.

MATERIALS AND METHODS

Protein Production and Purification—The PpGH44
enzyme is derived from a naturally occurring parent enzyme,
which is a multifunctional assembly organized “GH44-
FN3-(GH26(mannanase))-FN3-CBM3 (36, 37). The GH44
module for kinetic and structural studies was thus cloned with
a C-terminal truncation (corresponding to residues 1-559 of
sequence 2 in United States patent 6815192 (38)).

Three protein variants of this GH44 module, wild type, an
increased stability mutant (K129A and R156Y), and a nucleo-
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phile mutant (E358S; containing additional stabilizing muta-
tions Q68H, T92V, K118A, K129A, R156Y, G200P, and
N331F), were kind gifts from Novozymes A/S (Bagsvaerd, Den-
mark) where they had previously been expressed in Bacillus
subtilis as follows. The xyloglucanase genes were genomically
integrated at the pel locus together with three promoters in
tandem and with a fragment that complemented the cat gene
for chloramphenicol resistance and expressed in strain SHa273,
which is a trp amyE aprE nprE-inactivated descendant of B.
subtilis 168 (39). The protein was secreted into the growth
medium, which contained, in tap water, 100 g/liter sucrose, 40
g/liter soy meal, 10 g/liter Na,HPO,-12H,0, 5 g/liter CaCOs,,
chloramphenicol, and an antifoaming chemical for the shake
flask fermentation at 37 °C for 4 days. The supernatant was
sterile-filtered, adjusted to pH 5 with acetic acid, and applied to
an XpressLine ProA column (UpFront chromatography A/S,
Germany) equilibrated in 50 mM succinic acid/NaOH, 1 mm
CaCl, pH 5. Proteins were eluted by a step elution with 50 mm
Tris-HCI, pH 9. Fractions with xyloglucanase activity (mea-
sured as described below) were pooled and adjusted to pH 9
with 3 M Tris base. The solution was diluted to the same (or
lower) conductivity as 50 mm Tris-HCI, pH 9, and applied to a
SOURCE Q column (GE Healthcare) equilibrated in 50 mm
Tris-HCI, pH 9. Proteins were eluted with a linear NaCl gradi-
ent (from 0 to 500 mmMm) in the same buffer over 5 column vol-
umes. Fractions with xyloglucanase activity and only one band
on an SDS-polyacrylamide gel were pooled. The buffer of the
samples was exchanged to 10 mm CHES,? pH 9, and 50 mm
NaCl.

Xyloglucanase Screening Assay—Xyloglucanase activity was
measured with the substrate azurine cross-linked xyloglucan
(Megazyme) as follows. A 500-ul substrate suspension (4
mg/ml azurine cross-linked xyloglucan substrate homoge-
neously suspended in 0.01% Triton X-100 by stirring) and 500
pl of assay buffer (50 mm succinic acid/NaOH, 0.01% Triton
X-100, pH 5) were pipetted into a microcentrifuge tube on ice.
20 pl of enzyme sample (diluted in 0.01% Triton X-100) were
added to the ice-cold mixture. The assay was initiated by trans-
ferring the tube to a thermomixer at 37 °C and shaking at 1400
rpm. After 15 min, the tube was put back into the ice bath. To
remove unreacted substrate, the mixture was centrifuged, and
the absorbance of the supernatant at 650 nm was measured. A
sample with 20 ul of 0.01% Triton X-100 instead of enzyme was
assayed in parallel, and its value was subtracted from the
enzyme sample measurement.

Substrate Specificity Assays—The substrate specificity of
PpXG44 on tamarind xyloglucan, carboxymethylcellulose,
medium viscosity barley B-glucan, wheat arabinoxylan, carob
galactomannan (all from Megazyme), and hydroxyethylcellu-
lose (Fluka) was determined using the BCA-reducing sugar
assay (40,41). In general, a total assay volume of 250 ul (1 g/liter
polysaccharide; 50 mm sodium citrate; 3.1 or 4.2 nm PpXG44)

® The abbreviations used are: CHES, 2-(cyclohexylamino)ethanesulfonic acid;
PDB, Protein Data Bank; r.m.s.d., root mean square deviation; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; CNP,
2-chloro-4-nitrophenyl; HPAEC-PAD, high performance anion-exchange
chromatography with pulsed amperometric detection.
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was incubated at 30 °C for 10 or 25 min. The reaction was
stopped by addition of 250 ul of BCA solution and color devel-
oped at 80 °C for 20 min. Reducing sugars were quantified ver-
sus alinear glucose standard (1-75 uMm) by absorption at 560 nm
with a Cary 50 UV-visible spectrophotometer (Varian, Darm-
stadt, Germany).

PH Rate Profile—The pH rate profile of PpXG44 was deter-
mined using tamarind xyloglucan (1 g/liter) and the BCA assay
as described above with 3.1 nm PpXG44. The buffers used were
sodium citrate between pH 2.1 and 6.4 and sodium phosphate
between pH 6.2 and 8.0. The experimental data were fitted to
Equation 1 using Origin 8 (OriginLab Corp.).

kmax

kobs = 1+ -IopKa1 —pH + -lopH — pKa2 + 10pKa1 — pKa2

(Eg. 1)

Product Analysis by High Performance Anion-exchange
Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD)—For product analysis, a Dionex ICS-3000
HPAEC-PAD system and a Dionex CarboPac PA-200 column
were used. Two different programs were run depending on the
sample. Program 1 was used for cello-oligosaccharides and con-
sisted of an isocratic elution with 100 mm NaOH and 30 mm
NaOAc at a flow rate of 0.5 ml/min. Program 2, as described
previously (42), was used for polymeric substrates and
xylogluco-oligosaccharides.

Substrate Specificity on Cello- and Xylogluco-oligosac-
charides—Cello- and xylogluco-oligosaccharides were incu-
bated with PpXG44 for different time periods at 30 °C in 50 mm
sodium citrate buffer, pH 6.0. An overview of the different assay
conditions used is given in supplemental Table 1. Reaction
products were analyzed by HPAEC-PAD (program 1 for cello-
oligosaccharides and program 2 for xylogluco-oligosaccha-
rides). Observed peaks were quantified in comparison with lin-
ear standards of glucose, GG, GGG, GGGG, and XXXG from 1
to 50 um.

Time-dependent Depolymerization of Xyloglucan—Samples
(145 pl) containing xyloglucan (1.7 g/liter) and PpXG44 (7.1
nMm) in 70 mm NH,OAc, pH 5.5, were incubated for 0, 10, 30, 60,
and 180 min and overnight at 30 °C. The reactions were
stopped by heating at 95 °C for 20 min. The samples were sub-
sequently lyophilized and dissolved in 350 ul of DMSO and left
at 80°C for 5 min before gel permeation chromatography
(GPC). GPC analysis was performed using the method
described in Ref. 43, with the exception that two PLgel 10-um
mixed-B columns and a guard column (Agilent) were used in
series. The molecular mass was estimated using an 11-point
pullulan standard curve (180-1,660,000 Da).

Product Analysis by Mass Spectrometry— Analysis of reaction
products of different B-aryl glycosides as well as end products
of XXXGXXXG digestion were analyzed by mass spectrometry
using a Q-Tof2 mass spectrometer fitted with a nano-flow ion
source (Waters Corp.) as described previously (23).

Initial Rate Enzyme Kinetics with B-Aryl Oligosaccharides—
The hydrolysis of the 2-chloro-4-nitrophenyl (CNP)-B-glyco-
sides of GG, GGG, GGGG, XXX@G, and XLLG (where G =
Glep(1—4); X = Xyla(1—6) GlcB(1—4); and L = GalB(1—2)
Xyla(1—6) GlcB(1—4)) was followed by assessing the release
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of 2-chloro-4-nitrophenolate at 405 nm (e = 12,936 M 'cm ™ *,

50 mm sodium citrate buffer, pH 6.0) using a Cary300 Bio UV-
visible spectrophotometer and a Cary Peltier temperature con-
troller (both Varian). The synthesis of these chromogenic sub-
strates has been described earlier (44, 45). Substrate (1.0 uMm to
5.0 mm), buffer (sodium citrate 50 mm, pH 6.0), and H,O were
equilibrated at 30 °C in a 1-cm path quartz cuvette before the
reaction was started by addition of 5 ul of diluted enzyme, yield-
ing a total assay volume of 100 ul. Initial rates were determined
from the linear slope of the reaction time course, corresponding
to less than 10% conversion of substrates. Kinetic constants
were determined by fitting the Michaelis-Menten equation to
the data using Origin 8.0 (OriginLab). To analyze the influence
of the single active-site subsites on catalysis, the transition state
stabilization energies (AAG") were determined by comparing
k.. /K,, values for the different B-aryl oligosaccharide sub-
strates using Equation 2.

(kcat/Km)n +1

*: — = _— e —
AAG* = AG, ., — AG, RTIn= =

(Eq.2)

Inhibition by B-1,4-Glucosyl-noeuromycin and [-1,4-Cello-
biosyloxazine—To determine the inhibiting effect of 8-1,4-glu-
cosyl noeuromycin (Glc-noeuromycin (46)) and -1,4-cello-
biosyloxazine (Glc-Glc-oxazine (47)) on PpXG44, the IC,
value at a substrate concentration of 10 uMm GGGG-CNP was
determined. The release of the 2-chloro-4-nitrophenolate from
GGGG-CNP was followed in the presence of varying concen-
trations of the competitive inhibitors Glc-noeuromycin
(0.037-180 um) or Glc-Glc-oxazine (0.75—-100 um) at 405 nm
(e = 12936 M~ 'em ™", 50 mm sodium citrate buffer, pH 6.0) in
triplicate using a Cary300 Bio UV-visible spectrophotometer
with a Cary temperature control (both Varian). Substrate,
buffer, inhibitor, and H,O were equilibrated at 30 °C in a 1-cm
path quartz cuvette before the reaction was started by the addi-
tion of 5 pl of diluted enzyme (0.96 um), yielding a total assay
volume of 100 ul. The IC,, value was determined by plotting
the relative activity against the concentration of inhibitor and
fitting Equation 3 by nonlinear regression. From the IC, value,
the K value was approximated employing Equation 4, (48).

k kmax
obs — (Eq.3)
b - <[|]) q
IC
Ki= e (Eq. 4
1o (B
Km

Crystallization and Data Collection—Crystallization screen-
ing was performed at 291 K with commercially available crystal
screens using the sitting-drop vapor diffusion method. Drops
were set up employing a Mosquito Crystal liquid handling
robot (TTP LabTech) with 150 nl of protein solution plus 150 nl
of reservoir solution in 96-well format plates (MRC 2-well crys-
tallization microplate, Swiss Sci) equilibrated against 54 ul of
reservoir solution. Optimization screening was performed
using the hanging-drop vapor diffusion method with 0.5 ul of
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TABLE 1
Data collection and refinement statistics for PpXG44

PpXG44 Xyloglucanase

Data collection

Native

Glc-noeuromycin

GXGGG

Glc-Glc-oxazine

Resolution range
Space group

1.79 A (1.89-1.79 A)
P3,21

1.86 A (1.96-1.86 A)
P3,21

1.70 A (1.79-1.70 A)
P3,21

2.25 A (2.37-2.25 A)
P3,21

Unit cell dimensions
a, b, c

84.17, 84.17, 157.57 A

83.61, 83.61,157.53 A

83.53, 83.53,157.14 A

84.20, 84.20, 320.05 A

a B,y 90, 90, 120° 90, 90, 120° 90, 90, 120° 90, 90, 120°
Completeness 98.8% (91.6%) 99.5% (96.6%) 95.8% (93.2%) 98.5% (92.5%)
merge 6.0 (15.5) 5.5 (13.1) 8.8 (41.8) 9.7 (56.0)
Redundancy 6.9 (6.2) 7.0 (6.5) 5.3 (4.6) 8.1(5.4)
Io(l) 23.9 (9.6) 26.3 (11.3) 12.0 (3.1) 14.9 (2.7)
Refinement . . ) ) . i ) .
Resolution range 1.79 A (1.84 A) 1.86 A (191 A) 1.70 A (1.74 A) 2.25A (2.31 A)
R, o/ Riree 14.4%/17.7% 13.7%/17.1% 15.7%/18.4% 19.7%/26.0%
r.m.s.d. bond lengths (A) 0.019 A 0.018 A 0.014 A 0.020 A
r.m.s.d. bond angles’ 1.6° 1° 1.3° 1.8°
Average B factors (A?) 13 14 14 30
Protein 11 12 13 30
Ligand/ion 25 17 26 29
Solvent 25 25 23 29
Ramachandran plot
Most favored 97.6% 97.6% 97.4% 95.8%
Allowed 2.4 2.4 2.6 4.1
Outliers 0.0 0.0 0.0 0.1
PDB codes 2ykk 32q9 2yih 2yjq

protein solution plus 0.5 ul of reservoir solution in Cellstar
24-well cell culture plates (Greiner Bio-One) equilibrated
against 500 ul of reservoir solution.

Native crystals were grown from protein in 10 mm Tris-HCl,
pH 9.0, 50 mm NaCl, and reservoir solution containing 0.1 M
BisTris, pH 6.5, 0.2 M Li,SO,, 25% (w/v) PEG 3350. The crystals
were cryoprotected by dipping them into a reservoir solution
containing 15% xylitol for 5 s before vitrifying them in liquid
nitrogen. A complex with Glc-noeuromycin (46) (kindly sup-
plied by Professor R. V. Stick, University of Western Australia)
was obtained from a crystal grown from protein in 10 mm
CHES, pH 9.0, 50 mm NaCl and reservoir solution containing
0.1 M HEPES, pH 6.5, 0.2 M Li,SO,, 25% (w/v) PEG 3350. The
crystal was soaked in reservoir solution with 5 mm Glc-noeuro-
mycin for 15 min and then cryoprotected by dipping into the
same solution with 15% ethylene glycol for 5 s before vitrifying
inliquid nitrogen. X-ray data were collected using a MicroMax-
007 (Rigaku) x-ray generator (CuK,, A = 1.54179 A) equipped
with a MAR345 image plate detector (MARresearch).

A further crystal of the nucleophile mutant E358S, grown
over 25% (w/v) PEG 3350, 0.2 m Li,SO,, 0.1 M BisTris, pH 6.5
(1:1 protein/well solution), was soaked in mother liquor with a
few specks of solid powder of Glc-Glc-Oxazine (47) (kindly
supplied by Professor R V Stick, University of Western Austra-
lia) for about 50 min. The crystal was transferred by stepwise
replacement of the buffer with well solution with 15% ethylene
glycol, over a total period of about 30 min. Data were collected
on beamline 102 at Diamond.

Complexes with the nucleophile mutant E358S were also
obtained with a xyloglucan oligosaccharide ligand (XXX-
GXXXGQ@) as follows. Protein at a concentration of 9.5 mg/ml in
10 mm MOPS, pH 7.0, was crystallized using the hanging drop
method, with 27% (w/v) PEG 3350, 0.1 m BisTris, pH 6.5, 0.2 M
Li,SO, in the well, mixed in a ratio of 1:0.8 ul with the well
solution in the hanging drop. The crystal was transferred to a
drop consisting of the well solution with 10 mm XXXGXXXG
and left to soak for 40 min. It was gently transferred to a cryo
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solution consisting of the well solution with 15% (v/v) ethylene
glycol, by stepwise replacement of the soak solution with
increasing proportions of cryo-protectant solution. Data were
collected at Diamond on beamline 104.

Data Processing, Structure Solution, and Refinement—X-ray
data were reduced and processed using programs from the
CCP4 suite (49). The images were integrated with MOSFLM
(50) and then scaled with SCALA. A molecular replacement
solution for the native data set was obtained using the CCP4
implementation of MOLREP with a GH family 44 endogluca-
nase from C. thermocellum (PDB code 2EOP (20)), with which it
shares 59% identity, as the search model. The residues of the
MR solution model were mutated to the correct sequence for
PpXG44 using BUCCANEER (51) followed by manual building
in COOT (52) and automated refinement using REFMAC5
(53). The data from the complexes were solved using the refined
native structure as the search model. Model validation was per-
formed with MOLPROBITY (54) prior to deposition at the Pro-
tein Data Bank. Data and structure refinement quality statistics
are given in Table 1. Structure similarity searches of PpXG44
were performed with SSM (55).

RESULTS AND DISCUSSION

Polysaccharide Substrate Specificity and pH Optimum—
PpXG44 demonstrated a broad substrate specificity for poly-
saccharides containing 8-1,4 linkages (Table 2). The highest
activity was observed with tamarind xyloglucan (vy/[E], =
763 = 17 min~ '), and a similar rate was observed for carboxy-
methylcellulose (Table 2). Hydrolytic activity toward mixed-
linked B-glucan from barley and hydroxyethyl cellulose was
also comparably high, with specific activities of 87 and 65%
relative to the xyloglucanase activity, respectively. The activi-
ties toward wheat arabinoxylan and carob galactomannan were
significantly lower than the xyloglucanase activity, 15 and 4%,
respectively.

The pH-rate profile for the PpXG44-catalyzed hydrolysis of
tamarind xyloglucan exhibited an optimum at pH 6.0. The pro-
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TABLE 2

Substrate specificity of PpXG44 on different polysaccharides at 1 g/
liter

Substrate vollE],

min~!
Tamarind xyloglucan 760 = 17

Carboxymethylcellulose 720 + 6
B-Glucan from barley 660 * 22
Hydroxyethylcellulose 500 = 28
Arabinoxylan from wheat 120 + 20
Carob galactomannan 34+1.2

800 -

600 -

.1)

min

‘€ 4004

~

v, [E]

200 -

=
o

ELS (mV)
B
1

0 +PpXG44

7 1000000 100000 10000 1000

Mw (Da)

FIGURE 3. Time-dependent depolymerization of xyloglucan. The incuba-
tion time of PpXG44 with xyloglucan is indicated above each chromatogram.
The “0-min” time point is for native tamarind xyloglucan without enzyme, and
inthe “0 + PpXG44" enzyme is added just before heating the sample at 95 °C.
The dotted line at 107 Da indicates the cutoff value of the column.

TABLE 3

Substrate specificity of PpXG44 on oligosaccharides based on initial
rates measured at less than 10% substrate conversion

Substrate
04 Oligosaccharide concentration vo/[E],
. | * ] . | * ] . | *: | -
2 3 4 5 6 7 8 mt min”!
pH GG 1
GGG 1
FIGURE 2. pH rate profile of PpXG44. The dotted line represents the fit of GGGG” 1 0.15 = 0.002
Equation 1 to the experimental data, and the solid line represents a smooth GGGGG? 1 53+ 0.1
Bezier curve through the data. GGGGGG® 0.175¢ 150 + 4
XXXGXXXG® 1 140 =9
GXXGXXXG" 1 120 = 10

file was approximately bell-shaped over the measured range pH
2-38, although the data were not precisely fit by Equation 1
describing an active site with two ionizable groups (Fig. 2).
Apparent kinetic pK, values of 4 and 8.5 can be approximated
from the acidic and basic limbs of the pH-rate profile,
respectively.

A time course of xyloglucan degradation by PpXG44 was
monitored by gel permeation chromatography to discern the
mode of cleavage on xyloglucan. The gel permeation chroma-
tography data strongly support an endo-type of action of
PpXG44 on xyloglucan, with low mass xyloglucan oligosaccha-
rides appearing only at the very last stages of xyloglucan depo-
lymerization (Fig. 3).

Most characterized retaining endo-xyloglucanases, such as
those found in GH5, GH7, GH12, and GH16 (15, 56), preferably
cleave xyloglucan at unsubstituted glucosyl units. The limit
digestion product profile of PpXG44 on tamarind xyloglucan,
however, differed from that of “classical” retaining endo-xylo-
glucanases. Therefore, the products resulting from the hydro-
lysis of a well defined Glcg-based xylogluco-oligosaccharide
(XXXGXXXQ@) were identified by MS and HPAEC-PAD. The
most abundant masses observed corresponded to XXX and
GXXXG indicating a preferential binding of XXXGXXXG in
—3 to +5 subsites with an X motif in the —1 subsite and a G
motifin the +1 subsite. XXXG products from a less favored —4
to +4 binding mode were also detected (supplemental Fig. 1).
The cleavage pattern on XG observed with PpXG44 is reminis-
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“ Hydrolysis rate ratios are from — to + subsites, G3 + G1, and 2G2 (18:1).
® Hydrolysis rate ratios are G4 + G1 and G3 + G2 (3.6:1).

¢ Hydrolysis rate ratios are G5 + G1, G4 + G2, and 2G3 (2:4.5:1).

@ Cellohexaose was assayed at 175 um due to poor solubility.

¢ Hydrolysis rate ratios are XXX + GXXXG and XXXG + XXXG (8.7:1).
/Hydrolysis rate ratios are GXX + GXXXG and GXXG + XXXG (1:1.2).

cent of that of an inverting GH74 endo-xyloglucanase (57).
However, this GH74 enzyme cleaves XXXGXXXG at X with a
limited frequency, and it preferentially cleaves this minimal
substrate at the internal unbranched glucose.

Specificity toward Cello- and Xylogluco-oligosaccharides—
To understand better the substrate specificity of PpXG44, the
activity on cello- and xylogluco-oligosaccharides was deter-
mined. The minimal substrate for which hydrolysis could be
detected was cellotetraose (GGGG), although the activity was
very low (Table 3). The longer cellopentaose was 35 times more
potent as a substrate, and the hydrolysis rate of cellohexaose
was again almost 30 times faster than that of cellopentaose (v,/
[E], 150 * 4 min~ '), clearly showing that PpXG44 has at least
six subsites (Table 3). Several cleavage modes were observed for
cellohexaose cleavage, but there was a preference for producing
cellobiose and cellotetraose products. The longer xylogluco-
oligosaccharides XXXGXXXG and GXXGXXXG were hydro-
lyzed at similar rates to cellohexaose (albeit at a higher substrate
concentration), thus supporting the observed broad sub-
strate specificity of PpXG44 on polysaccharides. Interestingly,
removal of the a-1,6-linked xylosyl unit on the nonreducing
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TABLE 4
Kinetic parameters and transition state stabilization energies of PpXG44 with B-aryl oligosaccharides
Substrate K, app) Keat (app) Keat/ K, piapp) Relative activity AAG?
mm min~ 1! mm ! min™! % kcal/mol
GG-CNP Catalytic activity not detected”
GGG-CNP 0.361 = 0.097 440.4 * 40.4 1220 3.8 2
GGGG-CNP 0.029 = 0.001 955.9 = 7.01 32,500 100 0
XXXG-CNP 0.134 = 0.008 842.8 = 9.44 6280 19.4 1
XLLG-CNP 0.998 = 0.150 417.8 £22.1 419 1.3 2.6

“ Activity assays were performed with up to 5 mm substrate and up to 2.4 um PpXG44 at 30 °C for up to 30 min.

end of the xylogluco-oligosaccharide XXXGXXXG does not
significantly affect the rate of hydrolysis. Instead, the subsite
binding, with strong preference for —3 to +5 over —4 to +4
(8.7:1 in XXXGXXXG) shifts to roughly equal preference (1:1.2
in GXXGXXXG) (Table 3). It is noteworthy that in interaction
with the natural substrate, when a G motif is bound in the +1
subsite (X in subsite —1), the regular repeating pattern of xylo-
glucan also places G motifs in register in the —4 and +5 sub-
sites, which likely makes this binding mode even more
favorable.

Initial Rate Enzyme Kinetics with B-Aryl Oligosaccharides—
To dissect the requirements for catalysis and the contributions
of negative subsites, k_,, and K,,, values for CNP-B-glycosides
GG, GGG, GGGG, XXXG, and XLLG-CNPs were determined
assaying aglycone release.

The minimal CNP substrate on which PpXG44 was active
was GGG-CNP. This nicely corresponds to the minimal oligo-
saccharide substrate for which hydrolysis could be observed,
cellotetraose. GGGG-CNP is ~25-fold “better” as a substrate
than GGG-CNP, as judged by the k_,,/K,,, values. The addition
of xyloside or galactoside substituent to GGGG-CNP penalizes
catalysis, to some extent, discussed later in light of the three-
dimensional structure (Table 4 and Fig. 4).

Mass spectrometry analysis of the reaction products of dif-
ferent B-aryl oligosaccharides with PpXG44 only showed
release of the “hot” leaving group 2-chloro-4-nitrophenolate;
no internal glucosidic bond cleavage events could be detected
(data not shown).

Inhibition by B-1,4-Glucosyl Noeuromycin and Glc-Glc-
oxazine—The IC, values (inhibitor concentration causing 50%
inhibition, Equation 3) of Glc-noeuromycin and Glc-Glc-oxa-
zine were determined to be 1.3 and 7 uM, respectively, using
GGGG-CNP as a substrate. In general, the IC,, value reflects K;
when substrate concentration is much lower than K, (58).
However, because of assay limitations, the lowest feasible con-
centration of GGGG-CNP was 10 um, ~% of K, (29 um, Table
4). K, values were therefore calculated from Equation 4, which
gave a K; of 0.95 um for Glc-noeuromycin and 5.2 um for Glc-
Glc-oxazine (supplemental Fig. 2). Intriguingly, the K| value of
the trisaccharide analog, Glc-Glc-oxazine, is more than 5-fold
higher than the K; value for the disaccharide analog Glc-noeu-
romycin. Apart from the cello-oligosaccharide chain length,
the inhibitors also differ in the region where they interact with
the catalytic residues (see below). Glc-noeuromycin has a C2
hydroxyl group that Glc-Glc-oxazine lacks (Fig. 5) and a carbon
where natural sugars and Glc-Glc-oxazine have oxygen in the
sugar ring.

Three-dimensional Structure of Apo-PpXG44—The struc-
ture of apo-PpXG44 was refined to a maximum resolution of
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1.8 A, and the final model contains a single protein molecule in
the asymmetric unit, with 512 amino acids well defined, resi-
dues 7-518 (equivalent to 42—-553 in Ref. 38). The numbering
for the structures reported here does not include the 35-residue
signal peptide. The electron density for all 512 residues is well
defined with the exception of the side chain of GIn-495. The
enzyme is composed of 27 B-strands and 18 a-helices that fold
into two distinct domains, the catalytic (8/a) triose-phosphate
isomerase barrel-like domain with a small insertion and a
B-sandwich domain (Fig. 6a).

A search of the PDB using the secondary structure matching
algorithm (see under “Materials and Methods”) revealed three
GH44 enzymes displaying high structural homology: two endo-
glucanases (CtCel44A and CaXG44) and a proposed bifunc-
tional glucanase-xylanase protein from a metagenome library
(ucCelM2). PpXG44, CtCeld4A, and CaXG44 have highly sim-
ilar folds. There are only minor differences between the apo-
structure of PpXG44 and those of apo-wild type CtCeld4A
(rm.s.d. = 0.97 A over 505 equivalent Car atoms, sequence
identity ~60%) and CaXG44 (r.m.s.d. = 0.90 A over 506 Ca,
identity 54%). There are, however, more significant differences
between these three enzymes and ucCelM2 (r.m.s.d. = 1.46 A
over 443 Co, sequence identity = 33.0% compared with PpXG44)
(values calculated with COOT). The fold of PpXG44 will therefore
be only briefly summarized here.

The B-sandwich domain of PpXG44 is formed by 11
B-strands in two twisted B-sheets. These strands possess a
hydrophobic center, composed of residues 7-23 from the
N-terminal region and 419-518 from the C-terminal region,
which are linked to the first and last strands of the (8/a); TIM-
like barrel, respectively. The major domain is composed of 17
a-helices and 12 B-strands and is composed of residues 24 —112
and 159 - 418, which form the catalytic (3/a)s TIM barrel-like
fold. A small insertion that includes residues 113-158 forms a
-loop motif (described as “the small additional domain” for
the CtCeld4A structure (20)), which sits on the opposite site
of the (B/a)s TIM barrel-like fold from the B-sandwich domain.
The y-loop is formed by a single a-helix and four B-strands, and
its structure is stabilized by a Ca>" ion that coordinates with
two water molecules and ligates the side chains of Glu-56 and
Asp-154 and the main-chain carbonyl oxygens of Asp-151 and
Tyr-156. The overall structures of the i-loop and the Ca*>* ion
are both conserved between PpXG44, CtCel44A, and CaXG44,
as is the identity of the residues involved in coordinating the
Ca®" ion. In contrast, ucCelM2 differs from the other three
enzymes in that the i-loop is substituted by a small domain
formed by three a-helices, three B-strands, and a twisted
B-strand. The -loop in the three enzymes is attached to the
side of the barrel. In contrast, in ucCelM2 the small domain
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FIGURE 4. Initial rate kinetics of PpXG44 hydrolysis of B-aryl oligosaccharides. a, GGG-CNP; b, GGGG-CNP (inset, low substrate concentration regime);

¢, XXXG-CNP (inset, low substrate concentration regime); d, XLLG-CNP.
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FIGURE 5. Structures of inhibitors. g, B-1,4-glucosyl-noeuromycin (Glc-
noeuromycin); b, 3-1,4-cellobiosyl-oxazine (Glc-Glc-oxazine).

a

extends beyond the top of the catalytic barrel and, together
with an additional insertion to the barrel, including residues
244.-257, deepens the binding pocket of the ucCelM2 active
site.
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The active site of PpXG44 is a large cleft located in the (/)
barrel. The two catalytic residues, the proton donor/acceptor
Glu-187 and the catalytic nucleophile Glu-358, are both well
ordered and superimpose closely to the catalytic residues of
other GH44 three-dimensional structures. The nucleophile
and the proton donor/acceptor are part of the NEP motif also
found to be conserved in clan GH-A members (59). The -y-car-
bon atoms are separated by 5.3 A, which is consistent with a
retaining catalytic mechanism, as was demonstrated for
CtCel44A (20).

An important difference between ucCelM2 and the other
enzymes is that ucCelM2 lacks an analog to Tyr-73 (PpXG44).
This residue lies at one end of the binding cleft opposite Trp-66
(PpXG44), which has Trp-94 as the equivalent residue in
ucCelM2. These two residues are involved in substrate binding,
as can be seen in the CaXG44 E186Q mutant complexed with a
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Glu358

FIGURE 6. Three-dimensional structure of PpXG44 and its ligand complexes. g, stereo view of a ribbon diagram of PpXG44, color-ramped from the N
terminus (red) to the C terminus (magenta), showing the positions of Glc-Glc-oxazine and GXGGG from their respective complexes with PpXG44 as cylinders. A
calcium ion is shown in tan, and chloride ion is shown in gray. The +5 subsite position on GXGGG is labeled. Stereo views are shown of the 2F, — F_electron
density maps, contoured at 1.0 g, around the ligand in complexes of PpXG44 with Glc-Glc-oxazine (b), Glc-noeuromycin (c), and GXGGG (d) (for the latter
complex, atoms in the subsite + 1 glucose are modeled with an occupancy of 0.5; all other atoms are fully occupied). Hydrogen bonds are shown as dashed lines,

and their approximate length in Angstroms is indicated. This figure was drawn using CCP4mg (65).

high concentration of cellohexaose (PDB code 2EQD), but the
a-helix on which Tyr-73 lies is substituted by a shorter loop in
ucCelM2, which increases the size of the cleft at this position. In
contrast, Trp-162 from the small domain of ucCelM2 that over-
hangs the active site is positioned beside Trp-94 and extends
the length of the catalytic cleft. One may speculate that the
position of this residue may suggest involvement in binding
longer substrate molecules than those accepted by the other
three enzymes.

There is a Tris molecule in the active site of the apo PpXG44.
It is located in subsite —1 of the binding cleft, where it coordi-
nates with the side chains of Glu-187, Asp-65, and Asn-48, the
main-chain nitrogen of Asn-48, and four water molecules. Tris
(or BisTris) molecules have the ability to bind to carbohydrate-
binding sites and often appear in crystal structures where it is
used as the protein buffer or is part of the crystallization solu-
tion (examples include, but are not limited to, Refs. 60—62).
Crystals of the ligand complexes were therefore grown in the
absence of Tris.

Ligand binding to PpXG44 was probed through a series of
ligand complexes with a Glc-noeuromycin (synthesis described in
Ref. 46) bound in the —1 and —2 subsites, a Glc-Glc-oxazine (syn-
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thesis described in Ref. 47, —3 to — 1 subsites), and a complex with
a xyloglucan oligosaccharide that occupies sites +2 to +1, with a
clear a-1,6-xyloside in the +2’ subsite (Fig. 6). The resolutions of
the complexes are 1.9, 2.3, and 1.7 A for Glc-noeuromycin, Glc-
Glc-oxazine, and GXGGG, respectively (Table 1).
Glc-noeuromycin-PpXG44—Glc-noeuromycin was soaked
into a crystal of a PpXG44 mutant with increased stability.
Except for the presence of a Glc-noeuromycin molecule instead
of BisTris, four ethylene glycol molecules, and the absence of a
polyethylene glycol molecule, there are no other noticeable dif-
ferences between the structure of the Glc-noeuromycin-
PpXG44 complex and that of the apo-structure of PpXG44
(r.m.s.d. = 0.15 A over 512 Ca). The nitrogen atom of noeuro-
mycin in the —1 subsite lies within hydrogen bonding distance
of the catalytic glutamates 358 and 187 (2.6 and 2.8 A, respec-
tively) and the ligand is in a relaxed *C, chair conformation.
The Glc moiety, in the —2 subsite, adopts the position seen for
Glc(—2) in cello-oligosaccharide complexes with CaXG44 (22).
Furthermore, the noeuromycin O2 forms hydrogen bonds
with OE2 Glu-358 (2.6 A) and OD1 Asn-186 (3.0 A). Both the
—1 noeuromycin and the Glc(—2) moieties interact with main-
chain amide groups (O3 to Asn-48 and O6 to Arg-49, respec-
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FIGURE 7. Overlay of PpGH44 enzyme complexes. Stereo view of overlay of cellotetraose from CtGH44A (PDB code 2EOP) (in coral) with Glc-Glc-oxazine from
the PpXG44 complex (in green) shows residues from both structures neighboring the —4 subsite region (which is occupied in PDB code 2EOP but unoccupied

in the Glc-Glc-oxazine complex). This figure was drawn using CCP4mg (65).

tively). 02, O3, and O4 of the Glc(—2) and O6 of noeuromycin
form hydrogen bonds to water molecules at the surface of the
ligand-binding cleft. In addition, O6 of the noeuromycin is
within hydrogen bonding distance of an ethylene glycol mole-
cule bound within the active site (2.9 A). This ethylene glycol
molecule might reflect the position of a xyloside in xylogluco-
oligosaccharides in the —1 subsite. The noeuromycin moiety
also has hydrophobic interactions with Trp-391.

Glc-Glc-oxazine-PpXG44—Glc-Glc-oxazine (and XXXGX-
XXG, below) were soaked into crystals of the PpXG44 nucleo-
phile mutant E358S. The —2 subsite glucosyl moiety as well as
the —1 subsite oxazine of the Glc-Glc-oxazine ligand exhibit
very similar interactions to Glc-noeuromycin with the oxazine
taking a relaxed *C, chair conformation. The active site in the
nucleophile PpXG44 mutant E358S was slightly altered.
Whereas the noeuromycin complex features a hydrogen bond
from its nitrogen to the catalytic nucleophile, the N5 nitrogen
of the oxazine interacts with the hydroxyl of Tyr-286 (at a dis-
tance 2.5 A; Fig. 6). The noeuromycin O2 interaction with Asn-
186 is also lost in the oxazine, because it lacks the O2 group,
which could explain why Glc-noeuromycin is a better inhibitor
than Glc-Glc-oxazine (Fig. 5 and supplemental Fig. 2).

As in the Glc-noeuromycin structure, O3 of the —1 sugar
analog interacts with the main-chain amide nitrogen of Asn-48,
but the O6 glucose of Glc(—2) hydrogen bonds to a water mol-
ecule only and thus not to the main-chain amide of Arg-49. The
Glc(—2) O3 makes no hydrogen bonds with water molecules,
whereas the equivalent atom in Glc-noeuromycin forms two,
but the latter structure is at higher resolution, and therefore,
the water molecules are likely to be more ordered.

The Glc(—3) forms a close interaction with the side chain of
Arg-49 (02 to NE and O3 to NH,, 2.7 and 3.1 A respectively),
and O1 and O2 of Glc(—3) form hydrogen bonds with a water
molecule that interacts with OD2 Asp-65 and O Ala-62. The
Glc-Glc-oxazine structure has two protein molecules (A and B)
in the unit cell, and the active-site clefts are closely associated
with the other molecule. The O4 Glc(—3) of molecule A is just
over 5 A from ND1 and OD1 Asn-399 of molecule B. In the
Glc-Gle-oxazine of molecule B, 04 Glc(—3) is 3.1 A from OD1
N399A, and thus the ligand is within hydrogen bonding dis-
tance of a residue on the other protein chain.

Complex with an XXXGXXXG-derived Oligosaccharide—Al-
though crystals were soaked with the ligand XXXGXXXG,
unambiguous electron density was only observed for a XGGG
xylogluco-oligosaccharide, occupying the +2 to +5 subsites
(and thus with a Xyl(+2'); Fig. 6). There is partial, low occu-
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pancy, density for a Glc(+1) that has been modeled with an
occupancy of 0.5.

The partially degraded/mobile ligand fragment (hereafter
GXGGQG) shows few hydrogen bonds with the protein at sub-
sites +3 to +5; it lies on an exposed surface of the protein.
There is a hydrogen bond from the O2 of Glc(+5) to a water
molecule (3 A) that is 2.9 A from the main-chain carbonyl oxy-
gen of Trp-330, and for Glc(+4) between O2 and a single water
molecule (2.8 A). Gle(+3) is hydrogen-bonded to NE2 GIn-243
via O3 and to two water molecules via O6. Two tryptophan
residues, 326 and 330, form a hydrophobic lining for the +3 to
+5 subsites. The Glc(+2) interacts via O2, with OE2 Glu-288
(2.7 A) and NH1 Arg-295 (2.9 A). The O4 of the Xyl(+2') forms
hydrogen bonds to NE2 GIn-243 (3.1 A) and also to a water
molecule that is hydrogen-bonded to NZ Lys-202. The
Xyl(+2') also makes stacking interactions with the imidazole
ring of His-193 (Fig. 6).

Unidentified densities were observed at O6 of Glc(+1),
where a disordered +1’ Xyl may be partially bound, and at O1
of Glc(+5) where Glc(+6) would lie. These residues could,
however, not be modeled, reflecting disorder and/or extremely
low occupancy.

What Determines Xyloglucan Specificity? Kinetics in Light of
Three-dimensional Structure—PpXG44 cleaves XXXGXXXG-
based xyloglucan units at a substituted glycoside, with X in the
—1 subsite, i.e. XXX | GXXXG. Given the importance of the
—4 subsite to catalysis, as reflected in the kinetic data for cello-
oligosaccharide hydrolysis (Tables 3 and 4), the observation
that the XXXGXXXG substrate is bound in a manner that does
not harness the —4 subsite is particularly intriguing. This pref-
erence has two potential origins, a discrimination against a
xylose-substituted glucoside in the —4 subsite and/or a similar
legislation against a substituted glucoside in the +1 subsite.
There is certainly strong kinetic support for a partial occlusion
of xylose from the —4" subsite as follows: () GXX | G | XXXG
oligosaccharide is cleaved roughly equally at both X and G (as
shown), and (b) chromogenic substrate GGGG-CNP is a
25-fold better substrate than XXXG-CNP (based on k,/K,,,),
although here the contributions of the —2’- and —3’-xylosides
partially mask interpretation.

Inspection of the three-dimensional structure certainly sup-
ports the importance of the —4 subsite. Comparison of the C.
thermocellum endoglucanase CtCel44A (20) complexes with
the —1 to —3 Glc-Glc-oxazine complex of Pp XG44 allows us to
speculate on the potential steric barriers to complex formation
in the —4' subsite (Fig. 7). It can be seen from the structures that
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the —1 and —3 subsites bind a glucosyl moiety in which the O6
group points out into solvent and that there would likely be
neither barrier to nor obvious benefit from 6-linked xylosides in
these positions. The —2 sugar points the O6 atom into the pro-
tein interior, and here it is clearly important that PpXG44 has a
pocket large enough to accommodate (at least) xylose in this
region (indeed a glycerol moiety is found in this pocket). As
with the —2 subsite, a glucoside in the critical —4 subsite points
its O6 toward the protein, but here in neither CtCel44A nor
PpXG44 is there an equivalent pocket. Instead, although the —4
glucoside would interact with Trp-66 (PpXG44 numbering) via
stacking and through H-bonds of O6 to Asp-71, a xyloside
attached to this sugar would likely clash into the protein (Fig. 7).
Thus, the —4 subsite preferably binds Glc and, to accommodate
Xyl, the glucan chain must take on a different conformation (to
that seen for the —4 glucosyl unit in CtCel44A, PDB code 2E0P)
with the subsequent loss in binding energy reflected in the
kinetics (Table 4).

So although the role of the —4 subsite in contributing to
specificity is clear, the preferences of the +1 subsite are much
harder to assess because information into this site is not given
by the chromogenic substrates. Soaking of crystals of PpXG44,
in a crystal form in which the —3 to +5 subsites are accessible,
resulted in a “GXGGG” oligosaccharide complex occupying
subsites +1 to +5 with an ordered xyloside in +2'. However,
occlusion of the —4 subsite through packing interactions likely
discriminates against binding of the XXXGXXXG across the
active center in this form. There is low level density for a glu-
cose in +1 (modeled at an occupancy 0.5), and it there may be
sufficient space for a +1’ xyloside linked to the O6. Such a
structural accommodation would seem to resonate with the
kinetic observation that GXXGXXXG is hydrolyzed roughly
equally in a “—3 to +5” versus “—4 to +4” binding mode,
whereas XXXGXXXG has a marked preference for subsites —3
to +5 (Table 3). Thus, when the nonreducing end xyloside is
removed, the enzyme shows no apparent discrimination
against an X in the +1 subsite).

Summary—The controlled enzymatic degradation of plant
cell walls is of increasing economic importance to today’s soci-
ety. The ubiquity of xyloglucans in the plant cell walls makes
them important polysaccharides to harness. The specificity of
glycoside hydrolases for these highly decorated polysaccharides
is complex; xyloglucans are hydrolyzed by classical “cellulases”
(endoglucanases), which in some cases merely tolerate branch-
ing substitutions, as well as by obligate xyloglucanases that har-
ness certain substitutions for activity (17, 19, 23, 44, 63). Eluci-
dation of the true specificities of endo-glucanases is further
complicated by the reality that undecorated 3-1,4-glucans are
insoluble in water and hence difficult to assay quantitatively,
whereas xyloglucans are far more soluble. Given appropriate
accommodation of substituents in enzyme active sites, they
may be generally better substrates in a similar manner to the
artificial substrates carboxymethylcellulose and hydroxyethyl-
cellulose. Here, we show that PpXG44 uses tamarind xyloglu-
can as its “best” substrate; hence, it is classified here as a “xylo-
glucanase.” Similar results have very recently been obtained on
a GH44 enzyme from the ruminant bacterium Ruminococcus
flavefaciens FD-1 (64), which has also been shown to hydrolyze
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tamarind xyloglucan, thus suggesting that xyloglucanase activ-
ity may be a general feature of the GH44 family.

The PpGH44 enzyme has an extended V-shaped substrate-
binding site with a linear interaction length of ~50 A, compris-
ing nine primary subsites (—4 to +5). Particularly notable is
that PpXG44 appears to have evolved a substrate-binding cleft
in which the (potentially substituted) O6 atoms of the glucan
chain point outward into the solvent in the —3, —1, and +3 to
+5 subsites. This suggests an “xyloglucan-tolerant” mode of
action. Yet a-1-6 linked xyloside moieties have the potential to
interact constructively with the protein in the —2 and +2 sub-
sites, as would be expected of a true xyloglucanase. Further-
more, PpXG44 displays a relatively rare mode of action, in
which the classical XXX | GXXXG repeating unit of xyloglu-
cans is preferentially cut at a branched glucosyl unit (indicated).
This cleavage mode may in fact be encouraged by steric and
electrostatic considerations in the —4 (potential clashes with
pendant Xyl units, H-bond donation from O6 on main-chain
Glc) and the +5 subsites (positive stacking interactions with
main-chain Glc). Such unusual specificity may well provide a
complementary synergistic tool in large scale applications with
plant polymers.
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