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Innovating glycoside hydrolase activity on a same structural scaffold

abMirjam Czjzek! and **Gurvan Michel

Carbohydrates play many fundamental roles in the cell physiology and development of
plants, animals and microbes. They can take the form of glycoproteins, glycolipids and
polysaccharides and represent the largest reservoir of carbon resources that are fuelling
microbial communities as well as free-living microorganisms. The structural diversity of
naturally occurring carbohydrate compounds is matched by an equally divers class of
enzymes, tailored to breakdown specifically each and every glycosidic bond. The enzymes
responsible for the hydrolysis of these glycosides are termed glycoside hydrolases, or
glycosidases, and are grouped and classified in sequence-based families within the
‘carbohydrate active enzymes’ (CAZy) database (1). In general they are very efficient
catalysts that can enhance the reaction rate by the order of 10%’-fold over the non catalytic
reaction rate (2). The mechanism by which they achieve this feat has thus been subject of
extensive work (reviewed in ref 3 & 4). The outcome of the hydrolytic reaction, in most cases
involving a couple of carboxylic acid residues positioned to activate a water molecule that is
added to the glycosidic bond, occurs either with net retention or inversion of the
stereochemistry at the anomeric center, and the canonical mechanisms explaining these
were described as early as 1953, in a seminal paper by Koshland (5). However, in recent
years the flow of new (bacterial) sequences and families has provided several new and
unusual mechanisms (6), highlighting the variability of these catabolic processes but also the
knowledge gap that still exists in the field of glyco-biochemistry. In particular, the recent
advent of systems encoded by Polysaccharide Utilization Loci (PULs) in Bacteroidetes has
revealed an elegant way of discovering new families and functions (7). It appears that
variations of the classical reaction mechanisms depend on the nature of the substrate and
are in general observed for particularly recalcitrant substrates, substrate assisted reactions
or stereochemically challenging reactions, such as those involving mannose or rhamnose
(since the position of the hydroxyl group next to the anomeric carbon is axial). In PNAS,
Munoz-Munoz and coworkers add an astonishing exception to the list of non-canonical
glycoside hydrolases (8). They describe the discovery of a new glycoside hydrolase (GH)
family that, surprisingly, in addition possesses a very uncommon catalytic apparatus. Even

more intriguingly, the catalytic active site is not, as usual, located in the center of the deep



pocket formed on the anterior side of the beta-propeller fold, but instead is found on the
‘back-side’ of the enzyme.

Seeking for enzymes in Bacteroides thetaiotaomicron that are able to degrade rhamnose-
containing complex carbohydrates, such as arabino-galactan proteins (AGPs) or
rhamnogalacturonans | and Il (RGI and RGlII), the authors inspected the up-regulation of
specific PULs in the presence of these substrates, and screened those proteins for activities
that had no annotated functions. Doing this, they discovered that BT3686 released o-L-
rhamnose units from the AGP substrate named Gum Arabic (GA). As part of the thorough
biochemical characterization, Munoz-Munoz et al. determined the 3D crystal structure of
the newly discovered enzyme followed by site directed mutagenesis, with the aim to
elucidate the structural determinants responsible of the observed glycoside hydrolase
activity and a-L-rhamnose specificity. Unexpectedly, activity was not abolished when
deleting the side-chains of highly conserved residues within the anterior pocket, formed by
the seven-bladed beta-propeller fold, suggesting that this was not the location of the active
site. The authors thus adopted an alternative strategy, taking advantage of the crystal
structure of the enzyme, by co-crystallizing the enzyme with substrate and product
molecules. Fortunately this approach was successful with D-glucuronic acid, one of the
monosaccharide products released by the hydrolytic reaction. But instead of being located in
the usually conserved active site pocket on the anterior side of the beta-propeller, the
monosaccharide was bound in a shallow cleft on the posterior side of the enzyme. By site-
directed mutagenesis, Munoz-Munoz and coworkers confirmed that this posterior cleft was
indeed the active site of this new family of glycoside hydrolases. This result is outstanding,
since in the majority of cases, the positions of active sites are conserved within a given fold
(9,10). Some folds, such as the TIM barrel or the Rossmann fold, are more susceptible to
functional innovations because their catalytic machinery is usually located on loops loosely
connected to the more structured protein core (11,12). But here the posterior active site is
located in a well-structured region.

The second major surprise is that the catalytic machinery is not constituted by the canonical
pair of carboxylic acid residues, but is composed of a single histidine residue (His48). A
catalytic histidine remains a very uncommon catalytic residue for glycoside hydrolases and
has previously been suggested to play a role in members of family GH117 a-1,3-(3,6-

anhydro)-L-galactosidases (13,14), where it replaces the catalytic acid-base that protonates



the oxygen of the glycosidic linkage. In the mechanism proposed by Munoz-Munoz and
coworkers (8), however, the histidine residue is the only catalytic residue and abstracts the
proton at the 02 position, implicating that an epoxy-intermediate is formed. This reaction
intermediate, to date, is rare in carbohydrates and has been proposed to occur also in family
GH99 a-mannosidases (15). The mechanism of these enzymes is dependent of the
sterochemical configuration of the substrate molecules that have in common the axial
position of the hydroxyl-group next to the anomeric carbon, opposite to the glycosidic bond
that is cleaved in the catalytic reaction (15,8). Other unique and rare catalytic reaction
mechanisms of glycoside hydrolases that depend on the nature of the substrate have also
been observed in sialidases, where a conserved tyrosine plays a crucial role in the
nucleophilic attack of the anomeric carbon (16).

But we are not at an end with surprises provided by this work. Whereas the catalytic
residues are normally conserved within GH families, the catalytic histidine is absent in ~30%
of BT3686 homologues! Three of such homologues were shown to be indeed proteins
without obvious enzymatic activities. Spectacularly, the introduction of a histidine at the
equivalent position in these inactive homologues restored an a-L-rhamnosidase activity,
demonstrating that the function of substrate recognition is intact in these proteins. Finally,
phylogenetic analyses support that the a-L-rhamnosidase activity was unlikely the ancestral
function of this new GH family and rather resulted from a secondary, recent innovation that
specifically occurred in the Bacteroidetes phylum. A seducing scenario is that the common
ancestor of this protein family had an active site located in the anterior side as observed in
the vast majority of the B-propeller fold proteins and that this classical catalytic machinery
was lost early in the evolution of this family. The relaxed constraints of starting from a non-
enzymatic structural scaffold has probably facilitated the emergence of a new active site
location in B-propeller.

The work by Munoz-Munoz et al. thus represents an interesting example illustrating how
recent evolutionary events may tailor new activities onto a given fold; the work also
provides a lesson about questioning dogmas and rules, since discovery of exceptions are

potentially missed when strictly following the ways paved by these rules.
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Figure legend

Ribbon representations of selected glycoside hydrolase families with non-canonical catalytic
residues. In each panel, the catalytic residues are labeled. A. The a-L-rhamnosidase from the
new glycoside hydrolase family described in this issue by Munoz-Munoz et al. (8 ; PDB code
4IRT). B. The sialidase NanA from family GH33 (PDB code 2VVZ). C. The a-1,3-(3,6-anhydro)-
L-galactosidase from family GH117 (PDB code 4AK5). D. The f3-N-acetylglucosaminidase

from family GH3 (PDB code 3BMX).



