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The substrate binding regions of a -1,3:1,4 glucanase are re-
vealed through structural analysis with a thio-oligosaccharide
and kinetics of enzyme variants.

The rekindling of interest in enzymatic biomass conversion,
to address the pressing energy needs of the 21% century, yet
again highlights the need to dissect and understand the complex
enzymology of this process. One class of substrates, and their
degradation, stands out for examination: plant polysaccharides.
We know, from Wolfenden’s seminal calculations,' that plant
polysaccharide hydrolysing enzymes are amongst the most effi-
cient enzymatic catalysts, as judged by the ratio of the catalysed
and uncatalysed rate constants k., /ku.. Yet, for many classes
of enzyme, it is still unclear how binding energy, from diverse
substrates, is reflected in catalysis. Despite a plethora of 3-D
structures for polysaccharidases, insightful complexes remain the
exception rather than the rule. The plant polysaccharide $-1,3:1,4
glucan is a candidate for degradation, via smaller oligosaccharides
and glucose, to biofuels. Mixed linked f-1,3:1,4 glucans occur pre-
dominantly in cereal grains, but are also abundant in mosses and
lichens and show a higher degree of solubility than many similar
plant polysaccharides such as cellulose, a -1,4 glucose polymer.
The enzymatic hydrolysis of B-1,3:1,4 glucan is performed by
a battery of glycoside hydrolases (hereafter GHs), notably the
endo-acting B-1,3:1,4 glucanases, which are found in a variety of
sequence-based families (www.cazy.org).

Attention in our laboratory has focussed on a family “GH26”
B-1,3:1,4 glucanase (hereafter CrLic26A%) from the organism
Clostridium thermocellum, whose genome sequence has recently
been determined (http://genome.jgi-psf.org/) in response to the
potential utility of the enzymatic consortia of this bacterium
for biomass conversion to biofuels.** Indeed the inclusion of
CtLic26A in the toolbox of enzymes used in biofuel production
from biomass will make a significant contribution in accessing
mixed-linked glucans, which are abundant in many cereals.

CtLic26A hydrolyses both polymeric B-1,3:1,4 glucans and
mixed linkage B-1,3:1,4 aryl oligosaccharides such as methy-
lumbelliferyl di and trisaccharides.? Catalysis is performed with
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net retention of anomeric configuration via a covalent glycosyl-
enzyme intermediate flanked by oxocarbenium-ion-like transition
states (for a mechanistic review see ref. 6). The 3-D structure has
been solved in native form, with a number of imino/aza sugar
inhibitors based upon extended isogfagomine and noeuromycin
templates,> and in a series of complexes shot along the reaction
coordinate including the unhydrolysed Michaelis complex and the
trapped covalent glycosyl enzyme intermediate.® Yet, despite this
array of information we have, until now, been unable to dissect the
interactions of distal subsites, partially reflecting our failure to map
“leaving group” positive subsite interactions through previous
approaches (subsite nomenclature described in ref. 9).

One approach that has proved insightful to study glycosidase—
ligand interactions is the use of thio-oligosaccharide substrate
mimics in which one, or more, of the labile O-glycosidic bonds
is replaced by a non-hydrolysable S-glycosidic linkage. Such
a strategy’ has revealed many different binding modes, most
notably distorted ligands spanning the active centre (examples
include ref. 11,12) but also undistorted ligands evading the
catalytic apparatus on enzymes from different classes.”*™"> A series
of S-linked B-1,3:1,4 gluco-oligosaccharides, for the study of -
1,3:1,4 glucanases,' has been reported. Unlike the majority of
previous thio-oligosaccharides, K; values for these mixed linkage
species were high, reflecting poor binding. Here we report the 3-
D structure, at 1.5 A resolution, of CfLic26A in complex with
one such thiopentasaccharide 1, and harness the structural data
to construct seven active-site variants, which have been used to
probe substrate binding and catalysis in this important class of
polysaccharide-degrading enzymes.
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Crystallisation conditions were screened, by co-crystallisation,
for a variety of different B-1,3:1,4 gluco-oligosaccharides (synthe-
sis described in ref. 16). Crystals were obtained with only one
compound (1) but this form allowed excellent high resolution
3-D structural analysis,"” Table 1, Fig. 1. Crystals are in space
group P2,2,2, with cell dimensions of a = 49.3 A, b=630A
and ¢ = 78.3 A and with a single molecule of CrLic26A in the
asymmetric unit. Electron density revealed that although 1 did not
span the active-centre, it did reveal the protein-ligand interactions
of the leaving group subsites +1 and +2. Electron density, Fig. 1(b),
is most appropriately modelled as two molecules of 1. The first
has its three non-reducing end sugars disordered in solvent with
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Table 1 X-Ray data and structure quality statistics

CrLic26A with 1
Resolution of data (A) 34.88-1.51
Roerge 0.09 (0.496)
Mean /a1 11.8 (2.0)
Completeness % 95.8 (72.0)*
Multiplicity 5.1(3.0)
Rogn 0.16
Rie 0.19
r.m.s.d 1-2 bonds (A) 0.010
r.m.s.d 1-3 bonds (°) 1.3

“ High resolution incompleteness reflects integration into the corners of a
square detector (the 1.7 to 1.6 A shell is 99.9% complete).

Fig.1 3-D Structure of CrLic26A with 1: (A) overall protein cartoon (B)
electron density for 1, in the —3/—2 and +1/+2 subsites.

the two reducing-end (B-1,4 linked) glucosides occupying subsites
—3 and —2. In contrast, the second molecule binds with its non-
reducing end disaccharide in subsites +1 and +2, but then becomes
disordered in solvent.

Unlike the majority of thio-based glucan mixed-linked in-
hibitors, molecule 1 displayed an affinity for CrLic26A, (K; of
75 uM) that was similar (assuming K,, ~ K, when k, <« k_,) to
the corresponding oligosaccharide substrate, Glc-p1,4-Gle-f1,3-
Glc-methylumbelliferyl, which has a K,, of 112 uM (Fig. 2).
Kinetic®® analyses were performed both on high viscosity B-glucan
and on Glc-B1,4-Glc-B1,3-Gle-methylumbelliferyl, Table 2. Both
substrates reveal the importance of aromatic residues both in
providing hydrophobic platforms for sugar binding (for example,
the variants of F41 and W114 show decreases in the apparent
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Fig. 2 Schematic diagram of the interactions of CtLic26A with 1.

second order rate constant k.. /K, of 200-fold to essentially
inactive on the methylumbelliferyl trisaccharide) and through
hydrogen bonding exemplified by Y115 whose mutation to alanine
reduces k.../ K, relative to wild-type, by 15-fold on B-glucan and
up to 1200-fold on the aryl oligosaccharide. The influence of the
residues that comprise the hydrophobic platform on catalysis and
substrate binding, however, are quite different. Thus, the F41A
mutation does not alter K,, but has a dramatic effect on k., for
both the oligosaccharide and polysaccharide substrates. These
data indicate that the hydrophobic interaction of the substrate
at the —2 subsite plays a critical role in stabilizing the transition
state, possibly because it assists in distorting the sugar at the —1
subsite into its * H; transition state® configuration by tethering the
03 bond. The K260A mutation reduces binding at the —2 subsite
through the loss of polar interactions with O6 and the endocyclic
oxygen causing a ~10-fold increase in K, and a similar reduction
in k. The WI4A and W72A amino acid substitutions, which
influence binding at the +1 and —3 subsites, respectively, result
in a substantial decrease in oligosaccharide substrate affinity (K,
>1 mM), but do not have a significant effect on the hydrolysis of
the polysaccharide. These hydrophobic platforms do not directly
contribute to maintaining the conformation of the transition state,
but likely stabilize the Michaelis complex of the enzyme. The
large increase in K, and decrease in k., for the oligosaccharide
substrate in the —3 mutant Q18A also suggests that this distal
subsite contributes to both substrate binding in the ground state
and transition state stabilization.

As with the majority of endo-acting glycoside hydrolases (for
example ref. 19,20), disruption of subsite interactions has a far
greater effect on oligosaccharide substrates than highly polymeric
glucans. Mutations in the negative subsites are, in the vast majority
of cases, more deleterious than those in the positive subsites.
Furthermore, the W114 mutation, which disrupts hydrophobic
stacking in +1, is considerably more damaging to catalysis than
mutation of N157; the only residue which hydrogen-bonds to the
+1/+2 sugars. Indeed, in retaining glycoside hydrolases, mutations
in the distal positive binding sites can sometimes lead to an
elevation in k. by increasing the efficiency of product release
after glycosylation,” while the removal of amino acids at the +1
subsite generally cause a significant reduction in catalytic activity
against all substrates.'*

Although the thio-oligosaccharides screened did not deliver an
active-centre spanning complex, they did unveil the interactions of
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Table 2 Enzyme kinetics of mutant and wild-type (WT) proteins on fluorescent oligosaccharide and polysaccharide substrates

MeUMB B-Glucan
Enzyme K, (uM) Koy (min™") ke/ K (MM~ min') K, (mgmL™) kg, (min™") ke/ K, (mL mg™' min™")
WT 110 £ 18 23+ 1.5 205 0.34 + 0.06 74 x 10° £ 6 x 10° 219 x 10°
QISA 1763 £+ 890 2.1+0.44 1.2 0.67 £ 0.1 23 x 10° £2 x 10° 35 x 10°
F41A 139 £+ 23 0.001 £ 0.0001 0.001 1.3+0.36 1.6 x 10° 0.1 x 10° 1 x10°
E70A 155+ 18 0.005 £ 0.0003 0.32 1.3 £0.13 8.1 x10°+£2x 10° 6 x 10°
W72A — — 0.66 £ 0.08* 0.46 + 0.08 135 x 10° £5 x 10° 294 x 10°
WI114A — — 0.16 £ 0.002* 14+0.14 85 x 10°+4 x 10° 62 x 10°
Y115A 260 + 56 0.05 + 0.004 0.17 1.0 £0.18 15 x 10° £ 0.4 x 10° 15 x 10?
NI157A 11+2 0.73 £ 0.04 64 0.49 £ 0.09 78 x 10° £9 x 10° 158 x 10°
E258A 188 + 24 1.6 £ 0.06 8.3 0.55+0.07 26 x 10° +£1 x 10° 46 x 10°
K260A 1162 £ 232 3.2+£0.25 2.8 0.65 +0.12 5x10°£0.1 x 10° 7 x 10}

¢ Estimated from linear regression.

the +1 and +2 subsites which had previously proved recalcitrant
to observation despite our previous analysis of a large panel of
ligands. Thus, although somewhat serendipitous, the CtLic26A
complex reported here highlights the benefits both of thio-
oligosaccharides and of the deployment of a toolbox of approaches
to study protein—carbohydrate interactions. If enzymatic biomass
conversion is to become both facile and economically viable,
our understanding of protein—carbohydrate interactions will have
the continuing development of such probes, to dissect molecular
interactions at its core.
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