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Molecular mechanisms of processive glycoside
hydrolases underline catalytic pragmatism
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Processive and distributive catalysis defines the conversion continuum, thus underpin-
ning the transformation of oligo- and polymeric substrates by enzymes. Distributive
catalysis follows an association—transformation—dissociation pattern during the formation
of enzyme-reactant complexes, whereas during processive catalysis, enzymes partner
with substrates and complete multiple catalytic events before dissociation from an
enzyme-substrate complex. Here, we focus on processive catalysis in glycoside hydro-
lases (GHs), which ensures efficient conversions of substrates with high precision, and
has the advantage over distributive catalysis in efficiency. The work presented here exam-
ines a recent discovery of substrate-product-assisted processive catalysis in the GH3
family enzymes with enclosed pocket-shaped active sites. We detail how GH3 B-p-glucan
glucohydrolases exploit a transiently formed lateral pocket for product displacement and
reactants sliding (or translocation motion) through the catalytic site without dissociation,
including movements during nanoscale binding/unbinding and sliding. The phylogenetic
tree of putative 550 Archaean, bacterial, fungal, Viridiplantae, and Metazoan GH3 entries
resolved seven lineages that corresponded to major substrate specificity groups. This
analysis indicates that two tryptophan residues in plant g-b-glucan glucohydrolases that
delineate the catalytic pocket, and infer broad specificity, high catalytic efficiency, and
substrate-product-assisted processivity, have evolved through a complex evolutionary
process, including horizontal transfer and neo-functionalisation. We conclude that the
definition of thermodynamic and mechano-structural properties of processive enzymes is
fundamentally important for theoretical and practical applications in bioengineering
applicable in various biotechnologies.

OPEN ACCESS

Introduction to processive and distributive catalysis
Enzymes that mediate the degradation or synthesis of polymeric substrates could use either processive
(non-dissociative) or distributive (dissociative) catalysis. These transformative processes represent the
edges of a catalytic continuum, although ‘semi-processive’ biocatalysts, encompassing processive and
distributive features, are also known [1]. Processive catalysis, which requires a single association event,
occurs when a catalyst associates with the substrate and accomplishes multiple catalytic rounds before
dissociation from an enzyme-substrate complex. Conversely, distributive catalysis follows a typical
enzyme-reactant association-transformation-dissociation pattern, meaning that a catalyst associates
with a polymeric substrate, transforms it, dissociates from a substrate, and repeats this cycle [2,3].
During processive catalysis, the protein-substrate complex assembles sequentially, while through dis-
Received: 30 March 2023 tributive catalysis this process proceeds in any order [4]. Through processive action, which could be
Revised: 11 May 2023 viewed as a directional movement of enzymes along polymers, enzymes could be present at high
Accepted: 17 May 2023 linear densities, which may lead to reduced catalytic rates [5]. Most enzymes follow distributive cataly-
Version of Record published: sis, although processive catalysis is omnipresent in enzymes that degrade, synthesise, and modify bio-
2 June 2023 polymers such as nucleic acids, proteins, and polysaccharides. It is assumed that processive catalysis is

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1387


https://orcid.org/0000-0002-3545-0605
https://orcid.org/0000-0002-0476-031X
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1042/BST20230136&domain=pdf&date_stamp=2023-06-02

. PORTLAND Biochemical Society Transactions (2023) 51 1387-1403
... PRESS https://doi.org/10.1042/BST20230136

advantageous compared with distributive one. Processivity has been observed in nucleases [6,7], aminopepti-
dases [8], proteases [9,10], proteasomes [11], motor proteins moving along microtubules [12], actin filaments
[13], glycosyltransferases [1,14-16], and exo- and endo-acting glycoside hydrolases (GHs) acting on homo- and
heteropolymers [17-26].

Methods of assaying processivity in GHs

There is no flawless approach to deciding whether GHs are processive or not. The most effective approach is to
combine a variety of methods to profile reaction products and catalytic rates [27,28]. Targeted site-directed
mutagenesis can also be used to examine changes in processive behaviour between wild-type and mutant
enzymes, however, there is no convincing correlation between the activities of mutant enzymes and processivity
[29]. Additional techniques use X-ray crystallography, 3D protein modelling, and molecular dynamic (MD)
simulations, which with experimental data clarify if an enzyme is processive or not.

In cellulose and chitin biopolymers, successive disaccharide moieties are rotated by ~180° meaning that after
the polymer is threaded through the active site, only every second glycosidic bond of a polysaccharide could be
hydrolysed. It is assumed that during the processive hydrolytic cleavage of cellulose and chitin, only dimeric
products are released, while the shortened substrates continue sliding (or moving along using facilitated linear
target allocation) in the enzyme active sites [3,30]. With insoluble cellulose, the processive exo-acting enzymes
create more soluble reducing saccharides (the released dimers) than eg a distributive endo-acting
(1,4)-B-p-glucanase, which will mostly generate insoluble saccharide reducing ends because the higher cellodex-
trin products have a lower solubility. This soluble-to-insoluble saccharide ratio assay can help to distinguish
between processive and non-processive GHs (or estimate the degree of processivity), as any processive enzyme
will produce a higher fraction of soluble saccharides when every initial hydrolytic step is followed by a repetitive
release of a dimeric product [28]. In practice, processivity in hydrolases acting on cellulose is determined using
e.g. a filter paper substrate [28,31,32] or regenerated amorphous cellulose [24]. Here, both the amount of
soluble reducing saccharides that cellulolytic GHs produce from the filter paper (or another insoluble substrate)
and the amount of insoluble reducing ends, are quantified. This is done by removing the filter paper at the end
of incubation and measuring reducing saccharides in both the solution and washed filter paper, using reducto-
metric, chromatographic, or electron [33] and high-speed atomic force microscopy approaches [34]. Alternative
techniques include quantifying the hydrolysis of chemically labelled cellulose (at reducing ends) with, e.g.
anthranilic acid, under ‘the single-hydrolytic step’ conditions [35]. In this case, processivity in the Cel7A cello-
biohydrolase (CBH) from Trichoderma reesei was determined by calculating the ratio between the soluble fluor-
escent (released by initial cuts), and non-fluorescent (released by subsequent processive steps) products.

In chitinases, the diagnostic approach includes the measurement of hydrolytic product ratios that arise from
higher oligosaccharides or polysaccharides. While mono- and trimeric hydrolytic products are indicative of
initial binding and cleavage by the enzymes, dimeric products are primarily (but not solely) generated by pro-
cessive catalysis, meaning that the ratio between these products will point to a degree of processivity. This
method is considered to be semi-quantitative, as it leads to the overestimation of processivity, because the
initial hydrolytic events are undervalued, and the intermediate reaction products are also not reflected upon
[27]. However, these relatively simple approaches have limitations as the analysis based on the
soluble-to-insoluble reducing saccharide ratios depends on prior knowledge of how a substrate is bound (i.e.
via an endo- or exo-mechanism) and a type of substrate used [27]. In chitin-degrading GHs, processivity
assessments use chitosan with a random distribution of acetylated groups and a chromatographic separation,
elegantly demonstrated in Serratia marcescens chitinases [36]. Here, the diagnostic dominance of even-
numbered products was observed during the early stages of reactions with chitinase A (SmChiA) and chitinase
B (SmChiB) — an indication of processivity — as opposed to chitinase C (SmChiC), which is non-processive
[17]. This quantitative approach could be combined with viscometry, and the estimations of total amounts of
glycosidic linkages cleaved. However, to obtain a comprehensive view of the molecular basis of processivity,
structural biology methods are preferred.

In the following sections, we will inspect the underlying molecular mechanisms of processive cellulose-
degrading and chitin-degrading enzymes, GH74 xyloglucan-specific (1,4)-B-p-endoglucanases (XEGs), and
GH3 exo-hydrolytic B-p-glucan glucohydrolases with tunnel-, saddle- and enclosed pocket-like shaped active
sites, respectively.
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Processive GHs with tunnel-shaped active sites

Processive polysaccharide hydrolases with tunnel-, cleft-, or groove-shaped active sites were described in cellu-
lolytic exo- and endo-acting enzymes, which are classified by Carbohydrate-Active enZymes database (http:/
www.cazy.org/; [37]) into GH6 [38], GH7 [23,39] (Figure 1A), GH5 [24], and GH48 [18] (Figure 1B) families.
Exo-acting chitinases, are catalogued in the GH18 family [17,21,40] (Figure 2A), whereas GH19 chitinases are
deemed to be distributive [20]. In processive GHs, the mechanism by which substrates attach to enzymes cate-
gorises the two fundamental groups where the substrate is: (i) completely or nearly completely encircled by
protein folds (Figure 1), or (ii) enclosed in open or partly open tunnels or saddles (Figure 2). With crystalline
cellulose or chitin, processivity is thought to be advantageous for hydrolysis, because the detached single-
polymeric chains are prevented from re-associating together [17]. The latter authors showed that processivity
comes at high costs in terms of catalytic rates and that from a biotechnology perspective, it is more beneficial
to focus on improving substrate accessibility for non-processive enzymes than improving the properties of pro-
cessive ones.

Cellulose processive exo- and endo-hydrolytic GHs

We focus on the molecular mechanism of GH7 Trichoderma reesei Cel7A CBH [23], which is dependent on
the strong affinity of the +1 and +2 product binding subsites that seems to drive processivity [39]. For this
enzyme, the Hamiltonian replica-exchange umbrella sampling MD approach was used [23] (Figure 1A) to
discuss two opposing de-threading (reversing along the cellulose chain until the enzyme is non-complexed)
and clamshell (substrate-enclosing loops open and release the cellulose chain without reversing) mechanisms of
substrate binding. The authors calculated catalytic rates and established that the de-threading model, operating
from the binding tunnel, was about four orders of magnitude faster than the clamshell model, where
substrate-enclosing loops opened and released the substrate without reversing. The X-ray crystallographic
Cel7A-cellononaose complexes of wild-type (WT) (Figure 1A, left panel) and the T246C/Y371C disulfide
variant with covalently linked substrate-enclosing loops (Figure 1A, right panel) indicate that the T246C and
Y371C mutations, located near the +1 and —1 subsites, ceased the mutant’s ability to open loops, and caused
the enzyme to dissociate via stepwise de-threading. This work demonstrated that the dissociation k¢ rate con-
stant of T246C/Y371C with cellononaose was equivalent to that of WT, implying that de-threading was a dom-
inant (and thermodynamically favoured) model for the processive mechanism. This model fulfilled the Sabatier
principle of chemical catalysis, where optimal catalysis occurs when the catalyst-substrate interactions are of
intermediary strength [41]. It was also proposed that the two models may overlap, where a cellulose chain
could partially de-thread and later unbind via loop unsealing [23]. To understand the mode of action of proces-
sive Cel7D CBH in a broader context, it was proposed that its activity could be significantly increased by the
addition of a lytic polysaccharide monooxygenase that amorphise crystalline cellulose surfaces, which in turn
causes Cel7D to move along the substrate surfaces in more enzyme attached [42].

Next, processivity was examined in the Cel48F polysaccharide hydrolase from Clostridium cellulolyticum
(GH48), which could be regarded as a prototypical example of an endo-processive enzyme type [18].
Crystallographic data pointed at a two-step mechanism, in which the processive sliding of cellononaose and its
cleavage engaged in dissimilar subsites and pathways (Figure 1B). This mechanism is based on the catalytic
residue mutants E44Q and E55Q in complex with thio-cellooctaose and thio-cellononaose, respectively
(Figure 1B), where these mutations prevented substrate hydrolysis [18]. In the first step, the chain slides up to
the leaving (aglycon) group site alongside the first pathway (Figure 1B, right panel; thio-cellooctaose in cpk
green sticks), while in the second step, the thio-cellononaose chain adopts a second trajectory in a productive
binding mode (Figure 1B, right panel; thio-cellooctaose in cpk yellow sticks), before the substrate could be
hydrolysed. Both pathways, one being intermediary, are stabilised by up to seven face-to-face stacking interac-
tions and hydrogen bonds through Trpl54, Tyr299, Trp310, Trp403, Trp41ll, and Trp417 side chains
(Figure 1B, right panel). The two separate pathways, in which the interacting residues re-orient, aim to main-
tain low-energy sliding to reach the —1 to +2 subsites at the substrate-reducing end. Pathways that use
thio-analogues demonstrated that endo-processive Cel48F reduces the sliding energy of a chain by adopting
two alternate positions. This suggested that sliding of the substrate by one glucose (Glc) moiety leads to non-
productive binding, which is disfavoured thermodynamically, as it evokes the re-orientation of side chains.

Special attention was paid to enzyme synergy or cooperative action during cellulose hydrolysis between
internally chain-cleaving endo-acting enzymes and end-chain-cleaving exo-acting enzymes that proceed in a
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Figure 1. Structural properties of processive GH7 TrCel7A CBH from Trichoderma reesei, and GH48 Cel48F cellulase from Clostridium
cellulolyticum. Part 1 of 2
(A) Left panel: De-threading mechanism is favoured over the clamshell mechanism in exo-processive TrCel7A (PDB 4C4C) with a closed tunnel-like
active site, where the catalytic domain binds cellononaose (yellow cpk ball and sticks). Disposition of catalytic Glu212 and Glu217 (magenta cpk
sticks and dots), and a disulfide bridge between T246C and Y371C (cyan cpk sticks, positioned between the +1 and —1 subsites) are indicated.
Right panel top: The T246C/Y371C mutant of TrCel7A (PDB 6RWF) superposed on WT TrCel7A [Root-Mean-Square Deviation (RMSD) value

0.23 A]. Dashed lines indicate 2.6 A to 3.5 A separations between cellononaose and interacting residues. Modified from [23]. Right panel bottom:
Detail of the top panel, illustrating the positions of T246C/Y371C residues. (B) Left panel: Superposition of E44Q (PDB 1G9J) and E55Q (PDB
2QNO) mutant structures of endo-processive Cel48F with a closed tunnel-like active site, in complex with respective thio-cellooctaose (cpk green
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Figure 1. Structural properties of processive GH7 TrCel7A CBH from Trichoderma reesei, and GH48 Cel48F cellulase
from Clostridium cellulolyticum. Part 2 of 2
ball and sticks) and thio-cellononaose (cpk yellow ball and sticks) (RMSD value 0.12 A, illustrating the binding of substrates
that slide during catalysis. Disposition of catalytic Glu55 and Glu44 (magenta cpk sticks and dots) is indicated. Right panel:
Details of the binding of cello-oligosaccharides with residues (cpk sticks). Modified from [18]. Right panel bottom: Detail of the
top panel, illustrating the positions of catalytic residues. Arrows, illustrate the forward movements of enzymes along
carbohydrate chains during processive catalysis (left panels), and positions of subsites (right panels). Surface morphologies in
left panels are coloured by electrostatic potentials: white, neutral; blue, +5 kT e™'; red, -5 kT e™".

Figure 2. Structural properties of processive GH18 SmChiA from Serratia marcescens chitinase A, and GH74 PoXEG74-cat from
Paenibacillus odorifer.

(A) Left panel: SmChiA exo-processive chitinase A containing mutated D313A, K369M, F396A W359A, and E540M (PDB 5Z7M) in an open-tunnel
active site in complex with chitohexaose (in an alternate conformation; yellow cpk ball and sticks). Disposition of catalytic Asp391 and Glu315
(magenta cpk sticks and dots) is indicated. Right panel: Details of chitohexaose binding in SmChiA (cpk sticks). Dashed lines indicate 26At03.1A
separations between chitohexaose and interacting residues. Modified from [21]. (B) Left panel: Endo-processive POXEG74-cat with mutated D70A in
complex with XXLG (green sticks and balls) and XGXXLG (yellow cpk sticks and balls) in a saddle-shaped active site (PDB 6MGL). Disposition of
catalytic D70A and Asp477 (magenta cpk sticks and dots) is indicated. Right panel: Details of XXLG and XGXXLG binding in POXEG74-cat (cpk
sticks). Dashed lines indicate 2.5 Ato32A separations between oligosaccharides and interacting residues. Modified from [52]. The significance of
arrows (left panels), positions of subsites, and surface morphologies are described in the legend of Figure 1.
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processive mode in multilayers [26]. Here, it was demonstrated, based on a single-molecular study via real-time
atomic force microscopy, that during cellulose depolymerisation, endo- and exo-acting cellulases engage in the
formation of transient clusters of up to four enzymes at the cellulose surface [26]. This leads to cellulose fibre
deconstruction, which is dominated by processive steps of fibril dismantling in multilayers, promoted by
enzyme clusters. The authors determined that during this endo-exo synergy, endo-acting enzymes prepare sub-
strates for exo-acting enzymes, which together could pass through processive cycles ~100-fold faster than when
acting alone. This synergy represents a paradigm for efficient interfacial catalysis during processive hydrolysis
of structurally organised polymers and is significant in the development of industrially important biomaterials.

Chitin processive exo-hydrolytic GHs

Close attention was paid to processive chitin exo-hydrolytic GHs [20,27,40], in particular to the mechanism of
reducing-end exo-processive Serratia marcescens SmChiA of the GH18 family [21] (Figure 2A). Other Serratia
marcescens exo-processive SmChiB [43], distributive endo-acting SmChiC [44], and an endo-processive chito-
triosidase (a part of the innate immune system of humans) [45,46] contain carbohydrate-binding modules
(CBM) connected to catalytic domains through flexible hinge regions. However, the precise role of CBMs is
partially obscure. It was recently shown that the processive Cel9G endo-B-1,4-glucanase from Clostridium cellu-
lovorans requires a four-step catalytic cycle (hydrolysis, product release, processive binding, catalytic activation),
with aromatic residues in CBM assisting processivity through anchor points [47]. Nevertheless, the possibility
remains that these CBM modules participate in substrate binding, specificity, and thermostability.

The combination of X-ray crystallography, single-chain imaging, all-atom MD simulations, and the use of
mutants showed SmChiA as a processive enzyme that operates in the form of a linear molecular motor
(Brownian monorail) moving on the surface of a crystalline single-chitin chain [48]. Correspondingly, to the
processive exo- or endo-hydrolytic cellulases, aromatic residues (Phel64, Trp167, Tyr170, and Phe537) partici-
pated via face-to-face stacking interactions and hydrophilic residues (Argl72, Ser210 Thr276, and Asp230) via
hydrogen bonds, to ensure chitohexaose substrate binding, sliding and processive hydrolysis (Figure 2A, right
panel). The latter authors showed that the de-crystallisation of a single-chitin chain is a rate-limiting step
during SmChiA movement along the chain. Furthermore, a much larger forward-step ratio, compared with the
backward ratio, occurred during hydrolysis and was explained by the competition between substrate-assisted
catalysis and the backward motion of a chain; this suggested the utilisation of a forward unidirectional
Brownian motion. As for the hydrolytic mechanism of SmChiA, it uses the so-called substrate-assisted catalysis,
where an N-acetyl group of chitin cleaves a glycosidic bond without activating a water molecule, followed by a
water molecule approaching the active site, and the oxazoline intermediate being hydrolysed [49].

Processive GHs with groove-shaped active sites
Xyloglucan (XG) processive endo-hydrolytic GHs

These polysaccharide hydrolases encompass processive xyloglucan-specific endo-B-p-1,4-glucanases (XEGs) and
are classified as members of the GH74 family [50-53]. Dual seven-fold B-propeller scaffolds, approximately in
the middle of their structures, enclose long and wide groove (saddle)-shaped active sites that accommodate XG
chains (Figure 2B; PDB 6MGL). The mode of action of endo-processive XEGs and their division from the
endo-dissociative (Geotrichum sp. M128) XEGs, is based on the viscosity rate reduction in XGs and the release
of low-molecular-mass XG-oligosaccharides at early stages of hydrolysis (which continue to accumulate) —
these characteristics are absent from endo-dissociative XEGs [50-53]. Some processive GH74 XEGs, such as
those from Paenibacillus sp. strain KM21, Paenibacillus odorifer, Niastella koreensis, and Caldicellulosiruptor
lactoaceticus house up to ten subsites in their active sites. These sites are located on a large hydrophobic plat-
form shielding numerous aromatic residues (with mainly tryptophan and tyrosine side chains), which bind glu-
cosyl and xylosyl moieties of XGs, and facilitate processivity [50,52,53]. More specifically, it was shown in
bacterial Paenibacillus sp. strain KM21 XEG74 through mutagenesis that Trp318 and Trp319 located in positive
subsites were responsible for the enzyme’s directionality along an XG chain and thus processivity. The replace-
ments of these residues by alanine residues shifted an endo-processive to an endo-dissociative mode of action.
Conversely, mutations of Trp61 and Trp64 in the negative subsites of the Paenibacillus sp. strain KM21 XEG74
enzyme maintained the efficiency of XG binding and the release of XG oligosaccharide products [50].

Studies of processive GH74 XEGs were extended by the analyses of substrate specificity, kinetics, hydrolytic
product profiling, and protein structure in the bacterial Paenibacillus odorifer XEG74 catalytic module
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(PoXEG74-cat) in complex with XG fragments (Figure 2B). These studies showed that POXEG74-cat had a highly
specific endo-processive mode of action and that it hydrolysed branched and unbranched XGs. Site-directed
mutagenesis of hydrophobic platform residues, located in the groove of the PoOXEG74-cat scaffold at the —4 to +6
subsites, indicated that the conversions of Tyr372, Trp347, Trp348 and Trp406 to alanine residues at the +6, +3,
+5, and +3 subsites, respectively, affected processivity and that Trp347 and Trp348 were required. Further analyses
of bacterial and fungal XEG74 enzymes provided details on the molecular phylogeny of the GH74 family (sub-
divided into groups 1 to 5) and delineated the structure-function relationships of ancestral bacterial Simiduia
agarivorans GH74, and those of 2- and 5-XEG groups along evolutionary trajectories [53].

Processive GHs with enclosed pocket-shaped active sites
Exo-acting B-p-glucan glucanohydrolases and substrate-product-assisted

processive catalysis

As referred to above, processivity or distributive catalysis is linked to certain GHs with tunnel-, cleft- or groove-
shaped active sites lined with the succession of bulky aromatic residues that mediate the sliding of polysacchar-
ides through enzyme active sites without dissociation. Conversely, exo-acting GH3 B-p-glucan glucanohydro-
lases [54] and B-p-glucosidases [55] with enclosed pocket-, funnel-, and crater-shaped active sites are deemed
to be distributive, as these active sites feature dead ends, i.e. they are completely enclosed from one side [56].

In endo- or exo-acting cellulose- and chitin-hydrolytic GHs, processive catalysis is closely linked to the
chemical structure of polymeric substrates, and the formation of productive substrate—enzyme complexes for
substrate sliding. However, processive catalysis was surprisingly identified also in exo-acting GH3 enzymes,
which do not feature tunnel-, cleft-, or groove-shaped active sites. These enzymes characteristically possess an
enclosed pocket-shaped active site [22,25,57,58], and this type of processive catalysis, discovered in barley
B-p-glucan glucohydrolase HvExol, was termed ‘substrate-product-assisted processive catalysis’ [22]. So, how
could this occur, when the enclosed pocket in HvExol generates a physical barrier that precludes the forward
threading of substrates through its catalytic site? Considering that HvExol operates on plant cell wall
B-p-glucans, processive catalysis could be expected, as rapid substrate hydrolysis is critical to embryo develop-
ment during seed germination and other physiological processes [58,59]. We have recently shown [22,25],
based on crystallographic and multi-scale MD simulations, that the key role in this mechanism was played by
the Glc product, and how it is released from the non-reducing termini of oligo- and polymeric B-p-glucosides
by an exo-hydrolytic mechanism.

The structure of HvExol folds into an (o/B)g barrel (domain 1) and an (o/B)e sandwich (domain 2) that at
their interface house an enclosed 13 A-deep pocket- or crater-shaped active site. This pocket accommodates
catalytic Asp285 (nucleophile) and Glu491 (acid/base) residues in the —1 subsite, which in these stereo-
chemistry retaining enzymes predominantly provide an anionic environment for the oxocarbenium ion-
transition state upon proton transfer [60]. Conversely, the aromatic clamp, composed of the indole moieties of
Trp286 and Trp434 delineates the neighbouring +1 subsite (Figures 3 and 4), is fundamentally important for
broad substrate specificity, catalytic efficiency, and processivity, as insofar it binds isomeric (1,2)-, (1,3)-, (1,4)-
and (1,6)-linked B-p-oligosaccharides [57,58,61,62]. It was further revealed using WT and mutant HvExol that
the processive forward motion of substrates could only be adopted during the hydrolysis of (1,3)-linked sub-
strates, as the Glc moieties would not require rotation during sliding motion, and could be threaded uninter-
ruptedly through the active site [25].

Additional structural analyses of HvExol combined with multi-scale MD modelling of reactant movements
at the nanoscale revealed how each hydrolytic event, including the Glc product displacement route, is coordi-
nated with the incoming substrate association and hydrolysis. This modelling included MD and Gaussian accel-
erated MD [63], Protein Energy Landscape Exploration (PELE) [64], and GPathFinder [65]. To explain, how
these multi-scale modelling tools work, PELE performs local perturbations, senses global motions, and on
millisecond time scales captures relevant protein motions, while GPathFinder explores dynamic traits of reac-
tants binding or unbinding, via backbone motions and sidechain optimisations of discrete rotameric states.
Using these approaches, it became clear that upon the productive binding of incoming substrates with various
glycosidic linkages and subsequent hydrolysis, the released Glc hydrolytic product could alter its binding pat-
terns and instigates the formation of a lateral cavity with a transient life-span (Figure 3). During this process, a
series of steps during the Glc displacement event, allow for the next catalytic round (Figure 3, steps 1-3). Such
a path enables substrate-product-assisted processive catalysis, which is dictated by the nature of substrates, and
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Figure 3. Structural basis of substrate-product-assisted processive catalysis in GH3 B-p-glucan glucohydrolase HvExol from Hordeum
vulgare, L.

(A) Selected steps 1-3 along the Glc displacement trajectory based on enzyme-ligand complexes calculated by GPathFinder. Laminaribiose
substrate and Glc product — carbons in respective cyan and yellow cpk sticks and spheres — are bound in the active site. Top panel (step 1): Glc
(yellow cpk sticks and spheres) is in the —1 subsite; incoming laminaribiose (cyan cpk sticks and sphered) is in the +1 subsite and bulk solvent.
Middle panel (step 2): Movement of the Arg158-Asp285-Glu491 toll-gate (dashed lines) allows Gic to traverse into the lateral cavity, which is
exposed to bulk solvent. Bottom panel (step 3): Glc displacement proceeds through the transiently formed aperture in the lateral cavity (arrow). (B)
Left and right images: The substrate (cyan spheres) slides into the active site and locates in the +1 subsite and bulk solvent. After hydrolysis, the
Gilc product (yellow spheres) egresses from the —1 subsite through the lateral cavity into bulk solvent (arrow). Protein surface morphology is
coloured by electrostatic potentials: white, neutral; blue, +5 kT e™"; red, —5 kT e~". Modified from [22].

where multiple hydrolytic events could take place without HvExol de-contacting saccharide substrates. These
comparative analyses of the structural basis of motion (https:/figshare.com/s/28faa2510cb6019ala8e) suggest
that the observed enzyme plasticity may not be restricted to GH3 hydrolases, but could have a broader preva-
lence among enzymes with enclosed pocket-shaped active sites [25]. Substrate-product-assisted processivity in
GH3 enzymes [22,25] could be linked to a ‘multiple attack mechanism’ [66] described in glucoamylases (EC
3.2.1.3); the latter enzymes release the (1,4)-linked o-p-glucosyl residues from non-reducing ends of chains
with retention of anomeric configuration. In this sense, mechanistic features in substrate-product-assisted and
multiple-attacking enzymes are similar, in that they are non-dissociative, and differ in the degree of continuity
or processivity. Active sites of glucoamylases have a similar geometry to pocket-like GH3 hydrolases, with a
range of aromatic residues participating in substrate binding [67]. Hence, GH3 enzymes are more similar to
glucoamylases than cellulases or chitinases, as they interact with substrates without the requirement of the
typical tunnel-, cleft-, saddle-, or groove-shaped active sites.

Mutations in the -p-glucan glucanohydrolase (HvExol) alter

substrate-product-assisted processivity
Additional studies were conducted using high-resolution X-ray crystallography, and multi-scale MD simula-
tions with HvExol mutants [25], where single (and in some instances double) Ala, His, Phe, and Tyr alterations
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Figure 4. Glc displacement routes in WT, and W434H and W434A mutants of GH3 B-p-glucan glucohydrolases during substrate-product-assisted processive catalysis.

(A) Selected steps 1 and 4 along Glc displacement routes in wild-type (WT) (top), and W434H (middle) and W434A (bottom) mutants that were calculated by GPathFinder using
converged enzyme-ligand complexes with Glc (carbons in cpk yellow spheres in the —1 subsite) and laminaripentaose (carbons in cpk dark-grey sticks in the +1 and +2 subsites and
bulk solvent). The Arg158-Asp285-Glu491 (cpk magenta sticks) toll-like barrier is indicated in dashed lines. Dispositions of egressed Gic are indicated by an arrow. Values of kcot/Km
for laminaribiose in WT, W434H, and W434A are indicated [25]. (B) Left and right images: Glc displacement path 1 (in WT and W434H), path 2 (in W434A), and path 3 (in WT, when
the ligand is absent from the +1 and +2 subsites) are depicted in orange, cyan, and magenta aligned spheres, respectively. Dispositions of Trp286 and Trp434 (brown cpk sticks)
delineating the +1 subsite in WT, and its domains (domain 1, domain 2, and linker in white, grey, and black, respectively), and surface morphology are indicated. Modified from [25].
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were introduced into the Trp286/Trp434 clamp of HvExol. Investigations of pre-steady state kinetics and con-
formational behaviour during the binding of isomeric B-p-glucosides revealed that the W434H mutant retained
broad substrate specificity, while W434A behaved as a strict (1,3)-B-p-glucosidase. These findings contrasted
with the examinations of the W286F, W286Y, W434F, and W434Y single, and W286F/W434F, and W286F/
W434A double mutants, which were not active with at least one substrate. Furthermore, the binding of a series
of (1,2)-, (1,3)-, (1,4)- and (1,6)-linked B-p-oligo- and polysaccharides and aryl-glycosides showed that W434A
and W434H and other mutants also exhibited lowered K; dissociation constants with positionally isomeric
(1,2)-, (1,3)-, (1,4)-, and (1,6)-B-p-linked thio-analogues [25]. The high-resolution structures of
HvExol-thio-analogue complexes revealed that in the W434A mutant the reducing-end moiety of
(1,6)-B-p-linked thio-analogue was rotated by ~120° (via x-axis), compared with the disposition in WT, which
was presumably due to the presence of a rotatable C1-O-C6 bond. These data supported by enzyme kinetics
and the conformational behaviour of S- and O-linked B-p-glucosides, indicate that the tryptophan residue
mutations in the aromatic clamp impact the accurate orientations of bound B-p-glucosides that are required for
the formation of productive enzyme-substrate complexes [25].

Additional investigations of reactant trajectories via MD simulations in HvExol showed that natural sub-
strates, such as PB-p-gluco-trisaccharide with 1,3- and 1,4-glycosidic linkages [originating from
(1,3;1,4)-B-p-glucans] [58], cannot slide through the active site. This process is only reserved for substrates with
(1,3)-B-p-linked Glc moieties, as referred to above. Notably, the binding and hydrolysis of the mixed-linkage
B-p-gluco-trisaccharide progress in two steps, the hydrolytic Glc product cleavage from the substrate’s non-
reducing terminus to yield (1,3)-linked disaccharide, followed by Glc egressing through a lateral cavity. In the
second step, the (1,3)-linked disaccharide product needs to diffuse out of the active site and re-rebind in a
correct orientation to form the productive complex, followed by hydrolysis [25]. Cluster analysis of the exact
position of the (1,3)-linked disaccharide in the active site revealed that, in the WT HvExol, ~96% of substrate
populations locate in the +1 and +2 subsites, and ~4% to the intermediary (or midway) pose at the —1 and +1
subsites. Conversely, in W434A the (1,3)-linked disaccharide product showed a striking shift in poses to ~15%
of the substrate populations located in the +1 and +2 subsites, and ~74% to the intermediary positions at the
—1 and +1 subsites. These findings reiterated that Trp434 plays a fundamental role in precise orientation and
thus sliding of (1,3)-B-p-linked substrates through the catalytic site, and prevents (1,3;1,4)-B-D-glucan-derived
substrates from sliding. In this context, the question arises if the processive mechanism of HvExol with these
substrates could be engineered via single or multiple mutagenesis interventions, a proposal that can be tested
via molecular modelling prior to experimental evaluations.

Finally, molecular modelling using cMD, GaMD, and GPathFinder of HvExol W434A and W434H mutants
revealed that processivity was sensitive to mutations of the Trp clamp. These mutants were selected based on
the hydrolytic rates of poly- and oligosaccharide substrates, where W434H either retained or W434A lost broad
substrate specificity [25]. In this case, WT and W434H utilised the lateral cavity for Glc displacement and
sliding of (1,3)-linked substrates, such as laminaripentaose, through the catalytic site without dissociation (path
1) (Figure 4A, top, and middle panels). This was consistent with the high hydrolytic rates of WT HvExol with
(1,3)-B-p-glucosides (Figure 4A) compared with those of W434H and W434A, and showed that the processive
forward movement of substrates and Glc displacement are linked, ie. they form a structural continuum.
Conversely, processivity in W434A was disturbed, and the Glc product egressed through the W434A-Trp286
clamp (path 2) utilising a gap formed from the W434A mutation (Figure 4A, bottom panel). Thus, W434A
did not engage in substrate-product-assisted processivity. The work also unravelled path 3 (vertical) in the WT,
W434H, and W434A mutants for Glc displacement, when substrates were absent from the +1 and +2 subsites.
Here, Glc displacement proceeded through the space vacated by substrates and exited via the Trp286/Trp434
aromatic clamp (and +2 subsite) into a bulk solvent. These Glc product displacement trajectories 1-3
(Figure 4B), and molecular motions (https:/figshare.com/s/faf4d4d8c582ed0d7184) suggested that a variety of
Glc egress trajectories could be adopted by HvExol. This could have significant consequences for the engineer-
ing of substrate specificity and catalytic rates.

Evolutionary relationships in the GH3 family

Large-scale phylogenomics was performed to investigate the evolutionary relationships in the GH3 family and to
resolve the precise evolution of B-p-glucan glucanohydrolases (Figure 5 and Supplementary Dataset). The
IQ-TREE best-known maximum likelihood tree [68] of 550 GH3 protein sequences resolved seven well-defined
(>98%) major nodes (Figure 5, lineages labelled A-G). These clades correspond to major substrate specificity
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tree reveals seven major clades (grey ovals) with the following enzyme activities: B-b-glucan glucohydrolases (EC 3.2.1.-), 8-p-glucosidases (EC
3.2.1.21), B-p-xylosidases (EC 3.2.1.37), non-specific p-N-acetylhexosaminidases (EC 3.2.1.52)/B-N-acetylglucosaminide phosphorylases (EC
2.4.1.-), and non-specific -p-xylosidases/o-L-arabinofuranosidases (EC 3.2.1.55). Two clades containing unannotated B-p-glucosidases/FN3
(Fibronectin 3)-like domain-containing/GH3 proteins (dashed circles) form clades with unknown substrate specificity. In B-p-glucan glucohydrolases,
at least three sub-clades were identified with residue variability in an aromatic clamp of Trp286 and Trp434 (numbering corresponds to HvEXxol
labelled in large types). Annotated entries listed in [25] (cf. Figure 1 therein) are indicated by black circles, and Archaean, bacterial, fungal,
Viridiplantae, and Metazoan entries are in cyan, blue, orange, green, and red circles, respectively. Five selected Metazoan entries are indicated with
arrows. The percentage of replicate trees with taxa clustering together in the bootstrap test (1000 replicates) are shown at selected major deep
node bipartitions. Major nodes A-G and branch length (substitutions per site) are indicated. Method descriptions, the list of sequences, and the

FASTA alignment used to generate the IQ-TREE tree are included in the Supplementary Dataset.

groups [25,38,69], as determined by the presence of sequences from annotated and experimentally determined
protein structures included in the data. Four of these seven groups were classified unequivocally — according to
the presence of experimentally determined crystal structures — B-D-xylosidases, B-p-glucosidases, B-p-glucan
glucohydrolases, and [-N-acetylhexosaminidase/p-N-acetylglucosaminide phosphorylases. Further two clades
were classified as non-exclusive B-p-xylosidase/a-L-arabinofuranosidase and B-N-acetylhexosaminidase/
B-N-acetylglucosaminide phosphorylase entries. The A and B clades with B-p-glucosidase and B-p-xylosidase
substrate specificities are primarily composed of eukaryotic sequences, whereas most of the variation in other
lineages (C, D, E, F, and G) is accounted for by bacteria (Supplementary Dataset). Node C represents a major
division between bacterial and eukaryotic lineages, both of which have B-p-glucosidase and B-p-xylosidase speci-
ficity. Well-resolved evolutionary branches lead from major nodes D, E, and F, except for two clades of primarily
bacterial B-p-glucosidases/FN3-like domain-containing/GH3 proteins, which were short in length. Conversely,
the tip branches of the former clades were comparatively long. Notably, we could also allocate several Metazoan
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(Animalia) lineages in GH3 entries, amongst them two entries of Amphimedon, and each of Ramazzottius,
Brachionus, and Diploscapter (Figure 5, arrows). The variation is also notable in the predominantly plant
B-p-glucan glucohydrolase clade (further splitting into at least three sub-groups), basal to node G (Figure 5).
Within this clade, most of the entries carry a tryptophan clamp bordering the active site (Trp286 and Trp434;
numbering corresponds to HvExol) as previously defined [25]. It could be hypothesised that these plant
B-p-glucan glucohydrolases evolved from bacterial B-p-glucosidases through, parsimoniously, horizontal transfer
or alternatively through parallel neo-functionalisation. These conclusions require subsequent analysis and con-
sideration. Our analysis shows that the unique catalytic mechanism underlying substrate-product-assisted proces-
sivity in B-p-glucan glucohydrolases emerged through complex and dynamic evolutionary processes.

Structural basis of processivity in GHs and its significance

As referred to above, processive GHs feature groove-, saddle-, tunnel- or cleft-like shaped, but also enclosed
pocket-shaped active sites to accommodate enzyme-substrate complexes through multiple aromatic and other
residues that partially or completely enclose polymeric substrates [20,21,23-26] (Figures 1-4). Although the
active site composition and shape criteria are not indicative of processivity in GHs containing saddle-shaped
active sites, where e.g. endo-acting Geotrichum XEG is a distributive catalyst [50].

The processivity of GHs that act on polysaccharides, is typically linked to the sliding of enzymes along sub-
strates, which reduces a 3D search of an enzyme for a target site to one dimension, and thus lessens the energy
barrier for substrate binding [3]. After a catalytic event is completed, the enzymes through sliding must strike
an equilibrium amid the strength of binding and the ability to move linearly along polymers. In processive
polysaccharide GHs, the problem of sliding is solved by allocating mostly aromatic (Trp, Tyr, Phe, and His)
residues in active sites environments (Figures 1-4), which provide stacking interactions with a large interaction
surface in a multitude of binding modes - these residues are also shape-complementary to carbohydrate moi-
eties [3,18,21-23,25]. Aromatic residues are often arranged in a parallel fashion and provide large clamp-like
geometries, where apolar or hydrophobic (B) or polar () faces of carbohydrates are exposed to side chains of a
single or pairs of aromatic residues (Figures 1-4). There are up to three or more C-H groups close in space
that on an apolar surface of a carbohydrate moiety, could contact aromatic side chains [70], and it is expected
that the two faces of carbohydrates provide interaction energies with different strengths [71].

Through stacking interactions, aromatic residues and their clamps (with contributing hydrophilic residues)
are thought to be a driving force for the movement of carbohydrates in active sites [25]. Stacking interactions,
consisting of non-polar dispersion-driven C-H-r forces (also known as London dispersion forces) [72], are
fundamentally different from the standard hydrogen bonds, which are mainly stabilised by electrostatic interac-
tions. Geometries of C-H-n dispersion-driven (stacking) interactions in enzyme-carbohydrate complexes
exhibit face-to-face, edge-face, and offset stacked orientations of aromatic moieties [73], and are mediated by
Trp residues in 40%, trailed by Tyr, Phe, and His residues in about 39% identified enzyme-carbohydrate com-
plexes [74]. It was estimated that the free energy binding of carbohydrates via aromatic residues could be in a
2-9 kcal/mol range [estimated via isothermal titration calorimetry with endo-(1,4)-B-p-xylanases binding
xylo-oligosaccharide] [75]. Likewise, it was shown through X-ray crystallography, isothermal calorimetry, bio-
informatics data mining, and quantum mechanical calculations of lectins, that the C-H-r stacking contribution
to the overall binding energies of carbohydrates was in the 4-8 kcal/mol range and that the estimated inter-
action energies almost equalled C-H-= energies [72].

It is now apparent, that dispersive forces must provide moderate binding affinity to avoid tight carbohydrate
binding at any given location (subsite) in the enzyme active site [41]. Investigations of cello-oligosaccharides
binding in the family GH7 processive cellulases using the free energy perturbation/replica-exchange MD ana-
lysis showed that intrinsic processivity (i.e. the probability to act on a substrate without dissociation — which is
high for processive enzymes) [76] directly relates to the binding free energy, defined as the free energy change
between a polysaccharide alone and the enzyme-substrate complex in the catalytically active complex [77]. In
other words, in the case of GH7 hydrolases, the active site architecture is a primary element of processivity,
and it is precisely the active site loops and assistant residues enclosed in tunnels, which contribute to associ-
ation with substrates and mediate processivity.

Conclusions

Processivity is crucial for the functionality of selected oligo- and polysaccharide GHs and other enzymes. It is
beneficial to consider the degree of processivity as a major functional criterion for considerations of the
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significance of hydrolases with exo- or endo-acting modes of action. Processive catalysis is often associated with
GHs containing tunnel-, cleft-, saddle- or groove-shaped catalytic sites, but also with those that contain
enclosed pocket-shaped active sites, populated with aromatic residues that allow sliding of polymeric substrates
through enzyme active sites without losing contact with substrates. The key question, however, is whether an
initial attack in a polysaccharide-hydrolase is made through an endo- or exo-mode of action — by a processive
catalysis or not.

It is important to understand processive catalysis at the molecular level and in the context of the evolution-
ary history of processive enzymes and how they form reaction product trajectories after catalytic events are
completed. In a broader context, it is remarkable to observe that the formation of exit routes for hydrolytic pro-
ducts in hydrolases [25] and polysaccharides in GT2 transferases [15] bear some common characteristics in
how cavities and channels are formed and how C-H-r dispersive forces are involved in reactant binding.

Based on the analysis of evolutionary relationships in the GH3 family, an argument can be made that
B-p-glucosidase and B-p-xylosidase activities existed prior to the evolution of eukaryotic cells but the evolution-
ary mechanisms such as horizontal transfer add further complication to an already richly diversified GH3
protein superfamily. This diversity is evident in the branch length of tip nodes indicating the significant early
evolutionary change. Horizontal transfer is a plausible explanation for the scattered distribution of eukaryotic
species in node A, and the emergence of plant B-p-glucan glucohydrolases from bacterial B-p-glucosidases in
node G, although a storied history of gene loss and multiple independent origins cannot be ruled out and
awaits further analysis.

Although a variety of processive mechanisms exist in polysaccharide-hydrolases, the underlying principle is
that evolution has found a way how to implement processive catalysis to safeguard catalytic pragmatism, and
how to link it to catalytic efficiency. Further progress in this field, especially in understanding and implement-
ing industrially important GHs, is needed to enhance cost-effective biomass conversions to biochemicals and
biofuels [77,78].

Perspectives

e Structural and biochemical studies emphasised the fundamental importance of thermody-
namics and mechanistic knowledge for the understanding of processivity in GHs and their
engineering. The findings, unravelled with processive enzymes and molecular motors (in
which stimuli trigger the controlled motion of one molecular component relative to another),
hold key importance for improvements of heterogeneous but also homogenous catalysis.

e It is now clear that processive enzymes possess a variety of architectures to ensure that a
single association binding event takes place permitting a series of enzymatic conversions,
which are imperative in understanding the role of C-H-r dispersion-driven (stacking) forces
and their contribution to the processivity of GHs. These studies are critical for the future pro-
gress in the field of catalytic mechanisms of hydrolases, and other processive enzymes to
improve our understanding of e.g. recycling of recalcitrant polysaccharides. In cellulolytic and
chitinolytic systems containing non-catalytic carbohydrate-binding modules, the outstanding
question is how these modules precisely enhance processivity at the molecular level, and why
they are attached only to some GHs.

e This knowledge could encourage improvements in catalytic rates, stability, and product inhib-
ition of processive enzymes, as the new findings are directly applicable to developing or
manufacturing products through bioengineered enzymes that could also be applied outside of
biological systems in chemical, food, and feed industries. This includes applications in the
design of chemicals (e.g. oligosaccharides used as antibacterial and antifungal agents and
drugs), herbicides, and pesticides, where enzymes are seen as environmentally friendly and
cost-effective alternatives to current procedures.

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1399

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq


https://creativecommons.org/licenses/by/4.0/

. PORTLAND Biochemical Society Transactions (2023) 51 1387-1403
..‘ PRESS https://doi.org/10.1042/BST20230136

Data Availability
Data contained in the article are available within the submitted material (main manuscript, Figures 1-5, and
Supplementary Dataset).

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by funding from the Australian Research Council (DP120100900), the University of
Adelaide and the Waite Research Institute (Australia), and the Huaiyin Normal University (China) to M.H. J.G.S.
was supported by the University of Adelaide.

Open Access
Open access for this article was enabled by the participation of University of Adelaide in an all-inclusive Read &
Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with CAUL.

Author Contributions
M.H. wrote the article with the contribution from J.G.S.

Acknowledgements
The authors thank the anonymous reviewers for their contribution to the peer review of this work.

Abbreviations

CBH(s), cellobiohydrolase(s); CBM(s), carbohydrate-binding module(s); Cel48F, Clostridium cellulolyticum GH48
endo-acting cellulase; cMD, classical molecular dynamics; cpk, Corey—Pauling—Koltun; G or Glc, glucose;
GaMD, Gaussian molecular dynamics; GH(s), glycoside hydrolase(s); kT e™", kilo-tesla electron™"; PDB, Protein
Data Bank; PoOXEG74-cat, catalytic module of Paenibacillus odorifer GH74 xyloglucan-specific
(1,4)-p-p-endoglucanase; RMSD, Root-Mean-Square-Deviation; SmChiA (SmChiB), Serratia marcescens GH18
exo-acting chitinase A (B); SmChiC, Serratia marcescens GH18 endo-acting chitinase C; TrCel7A, Trichoderma
reesei GH7 cellobiohydrolase; WT, wild-type; XEG, xyloglucan-specific (1,4)-p-p-endoglucanase; XG, xyloglucan;
XXLG and XGXXLG, (G: unbranched p-Glcp residue, X: branched o-p-Xylp-(1,6)-B-b-Glcp residue, L: branched
B-p-Galp-(1,2)-a-p-Xylp-(1,6)-p-p-Glcp residue).

References
1 Yakovlieva, L. and Walvoort, M.T.C. (2020) Processivity in bacterial glycosyltransferases. ACS Chem. Biol. 15, 3—16 https://doi.org/10.1021/acschembio.
9h00619

2 van Dongen, S.F.M., Elemans, J.A.AW., Rowan, A.E. and Nolte, R.J.M. (2014) Processive catalysis. Angew. Chem. Int. Ed. Engl. 53, 1142011428
https://doi.org/10.1002/anie.201404848

3 Breyer, W.A. and Matthews, B.A. (2000) A structural basis for processivity. Protein Sci. 10, 16991711 https://doi.org/10.1110/ps.10301

4 Venkataraman, G.G., Mika, E.A. and Jordan, D.J. (2022) Processive and distributive non-equilibrium networks discriminate in alternate limits. J. Stat.
Mech., 083206 https://doi.org/10.1088/1742-5468/ac85e8

5 PetraSek, Z. and Nidetzky, B. (2022) Model of processive catalysis with site clustering and blocking and its application to cellulose hydrolysis. J. Phys.
Chem. B 126, 8472-8485 https://doi.org/10.1021/acs.jpch.2c05956

6 Cannistraro, V.J. and Kennell, D. (1994) The processive reaction mechanism of ribonuclease Il. J. Mol. Biol. 243, 930-943 https://doi.org/10.1006/
jmbi.1994.1693

7 Shen, J., Zhao, Y., Pham, N.T., Li, Y., Zhang, Y., Trinidad, J. et al. (2022) Deciphering the mechanism of processive SSDNA digestion by the Dna2-RPA
ensemble. Nat. Commun. 13, 359 https://doi.org/10.1038/s41467-021-27940-y

8 Bradshaw, R.A. (2004) Aminopeptidases. In Encyclopedia of Biological Chemistry (Lennarz, W.J. and Lane, M.D., eds), pp. 96-98, Elsevier Science,
Edinburgh, Scotland, UK, Hardcover ISBN: 9780123786302

9 Mikita, N., Cheng, I., Fishovitz, J., Huang, J. and Lee, I. (2013) Processive degradation of unstructured protein by escherichia coli Lon occurs via the
slow, sequential delivery of multiple scissile sites followed by rapid and synchronized peptide bond cleavage events. Biochemistry 52, 5629-5644
https://doi.org/10.1021/bi4008319

10 L, S., Hsieh, K.Y., Kuo, C.I., Su, S.C., Huang, K.F., Zhang, K. et al. (2021) Processive cleavage of substrate at individual proteolytic active sites of the
Lon protease complex. Sci. Adv. 7, eabj9537 https://doi.org/10.1126/sciadv.abj9537

11 Akopian, T.N., Kisselev, A.F. and Goldberg, A.L. (1997) Processive degradation of proteins and other catalytic properties of the proteasome from
Thermoplasma acidophilum. J. Biol. Chem. 272, 1791-1798 https://doi.org/10.1074/jbc.272.3.1791

12 Leduc, C., Padberg-Gehle, K., Varga, V., Helbing, D., Diez, S. and Howard, J. (2012) Molecular crowding creates traffic jams of kinesin motors on
microtubules. Proc. Natl Acad. Sci. U.S.A. 109, 61006105 https://doi.org/10.1073/pnas.1107281109

1400 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq


https://doi.org/10.1021/acschembio.9b00619
https://doi.org/10.1021/acschembio.9b00619
https://doi.org/10.1002/anie.201404848
https://doi.org/10.1110/ps.10301
https://doi.org/10.1088/1742-5468/ac85e8
https://doi.org/10.1088/1742-5468/ac85e8
https://doi.org/10.1021/acs.jpcb.2c05956
https://doi.org/10.1006/jmbi.1994.1693
https://doi.org/10.1006/jmbi.1994.1693
https://doi.org/10.1038/s41467-021-27940-y
https://doi.org/10.1038/s41467-021-27940-y
https://doi.org/10.1038/s41467-021-27940-y
https://doi.org/10.1038/s41467-021-27940-y
https://doi.org/10.1021/bi4008319
https://doi.org/10.1126/sciadv.abj9537
https://doi.org/10.1074/jbc.272.3.1791
https://doi.org/10.1073/pnas.1107281109
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2023) 51 1387-1403

PORTLAND

L)
https://doi.org/10.1042/BST20230136 ... PRESS

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

39

40

41

42

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Yochelis, A., Ebrahim, S., Millis, B., Cui, R., Kachar, B., Naoz, M. et al. (2015) Self-organization of waves and pulse trains by molecular motors in
cellular protrusions. Sci. Rep. 5, 13521 https://doi.org/10.1038/srep13521

Jorasch, P., Warnecke, D.C., Lindner, B., Zahringer, U. and Heinz, E. (2000) Novel processive and nonprocessive glycosyltransferases from
Staphylococcus aureus and arabidopsis thaliana synthesize glycoglycerolipids, glycophospholipids, glycosphingolipids and glycosylsterols.

Eur. J. Biochem. 267, 3770-3783 https://doi.org/10.1046/j.1432-1327.2000.01414 x

Guidi, C., Biarnés, X., Planas, A. and De Mey, M. (2023) Controlled processivity in glycosyltransferases: a way to expand the enzymatic toolbox. Biotech.
Adv. 63, 108081 https://doi.org/10.1016/j.biotechadv.2022.108081

Bi, Y., Hubbard, C., Purushotham, P. and Zimmer, J. (2015) Insights into the structure and function of membrane-integrated processive
glycosyltransferases. Curr. Opin. Struct. Biol. 34, 78-86 https://doi.org/10.1016/j.sbi.2015.07.008

Horn, S.J., Sikorski, P., Cederkvist, J.B., Vaaje-Kolstad, G., Serlie, M., Synstad, B. et al. (2006) Costs and benefits of processivity in enzymatic
degradation of recalcitrant polysaccharides. Proc. Natl Acad. Sci. U.S.A. 103, 1808918094 https://doi.org/10.1073/pnas.0608909103

Parsiegla, G., Reverbel, C., Tardif, C., Driguez, H. and Haser, R. (2008) Structures of mutants of cellulase Cel48F of Clostridium celluloflyticum in
complex with long hemithiocello oligosaccharides give rise to a new view of the substrate pathway during processive action. J. Mol. Biol. 375, 499-510
https://doi.org/10.1016/.jmb.2007.10.039

Payne, C.M., Baban, J., Horn, S.J., Backe, P.H., Arvai, A.S., Dalhus, B. et al. (2012) Hallmarks of processivity in glycoside hydrolases from
crystallographic and computational studies of the Serratia marcescens chitinases. J. Biol. Chem. 287, 36322-36330 https://doi.org/10.1074/jbc.M112.
402149

Serlie, M., Zakariassen, H., Norberg, A.L. and Eijsink, V.G.H. (2012) Processivity and substrate-binding in family 18 chitinases. Biocat. Biotrans. 30,
353-365 https://doi.org/10.3109/10242422.2012.676282

Nakamura, A., Okazaki, K.I., Furuta, T., Sakurai, M. and lino, R. (2018) Processive chitinase is Brownian monorail operated by fast catalysis after peeling
rail from crystalline chitin. Nat. Commun. 9, 3814 https://doi.org/10.1038/s41467-018-06362-3

Streltsov, V.A., Luang, S., Peisley, A., Varghese, J.N., Ketudat Cairns, J.R., Fort, S. et al. (2019) Discovery of processive catalysis by an exo-hydrolase
with a pocket-shaped active site. Nat. Commun. 10, 2222 https://doi.org/10.1038/s41467-019-09691-z

Vermaas, J.V., Kont, R., Beckham, G.T., Crowley, M.F., Gudmundsson, M., Sandgren, M. et al. (2019) The dissociation mechanism of processive
cellulases. Proc. Natl Acad. Sci. U.S.A. 116, 23061-23067 https://doi.org/10.1073/pnas. 1913398116

Wang, W., Archbold, T., Lam, J.S., Kimber, M.S. and Fan, M.Z. (2019) A processive endoglucanase with multi-substrate specificity is characterized from
porcine gut microbiota. Sci. Rep. 9, 13630 https://doi.org/10.1038/s41598-019-50050-1

Luang, S., Fernandez-Luengo, X., Nin Hill, A., Streltsov, V.A., Schwerdt, J.G., Alonso-Gil, S. et al. (2022) The evolutionary advantage of an aromatic
clamp in plant family 3 glycoside exo-hydrolases. Nat. Commun. 13, 5577 https://doi.org/10.1038/s41467-022-33180-5

Zajki-Zechmeister, K., Eibinger, M. and Nidetzky, B. (2022) Enzyme synergy in transient clusters of endo- and exocellulase enables a multilayer mode of
processive depolymerization of cellulose. ACS Catal. 12, 10984—10994 https://doi.org/10.1021/acscatal.2c02377

Horn, S.J., Serlie, M., Varum, K.M., Véljamée, P. and Eijsink, V.G. (2012) Measuring processivity. Methods Enzymol. 510, 69-95 https://doi.org/10.
1016/B978-0-12-415931-0.00005-7

Wilson, D.B. and Kostylev, M. (2012) Cellulase processivity. Methods Mol. Biol. 908, 93—-99 https://doi.org/10.1007/978-1-61779-956-3_9

Vuong, T.V. and Wilson, D.B. (2009) Processivity, synergism, and substrate specificity of Thermobifida fusca Cel6B. Appl. Environ. Microbiol. 75,
66556661 https://doi.org/10.1128/AEM.01260-09

von Hippel, P.H. and Berg, 0.G. (1989) Facilitated target location in biological systems. J. Biol. Chem. 264, 675-678 https://doi.org/10.1016/
S0021-9258(19)84994-3

Zhang, S., Irwin, D.C. and Wilson, D.B. (2000) Site-directed mutation of noncatalytic residues of Thermobifida fusca exocellulase Cel6B.

Eur. J. Biochem. 267, 3101-3115 https://doi.org/10.1046/j.1432-1327.2000.01315.x

Watson, B.J., Zhang, H., Longmire, A.G., Moon, Y.H. and Hutcheson, S.W. (2009) Processive endoglucanases mediate degradation of cellulose by
Saccharophagus degradans. J. Bacteriol. 191, 56975705 https://doi.org/10.1128/JB.00481-09

Imai, T., Boisset, C., Samejima, M., Igarashi, K. and Sugiyama, J. (1998) Unidirectional processive action of cellobiohydrolase Cel7A on Valonia cellulose
microcrystals. FEBS Lett. 432, 113-116 https://doi.org/10.1016/50014-5793(98)00845-x

Igarashi, K., Uchihashi, T., Uchiyama, T., Sugimoto, H., Wada, M., Suzuki, K. et al. (2014) Two-way traffic of glycoside hydrolase family 18 processive
chitinases on crystalline chitin. Nat. Commun. 5, 3975 https://doi.org/10.1038/ncomms4975

Kipper, K., Véljamée, P. and Johansson, G. (2005) Processive action of cellobiohydrolase Cel7A from Trichoderma reesei is revealed as ‘burst’ kinetics
on fluorescent polymeric model substrates. Biochem. J. 385, 527-535 https://doi.org/10.1042/BJ20041144

Sikorski, P., Sgrbotten, A., Horn, S.J., Eijsink, V.G.H. and Varum, K.M. (2006) Serratia marcescens chitinases with tunnel-shaped substrate-binding
grooves show endo activity and different degrees of processivity during enzymatic hydrolysis of chitosan. Biochemistry 45, 9566—-9574 https://doi.org/
10.1021/bi060370I

Drula, E., Garron, M.L., Dogan, S., Lombard, V., Henrissat, B. and Terrapon, N. (2022) The carbohydrate-active enzyme database: functions and
literature. Nucleic Acids Res. 50, D571-D577 https://doi.org/10.1093/nar/gkab1045

Uchiyama, T., Uchihashi, T., Nakamura, A., Watanabe, H., Kaneko, S., Samejima, M. et al. (2020) Convergent evolution of processivity in bacterial and
fungal cellulases. Proc. Natl Acad. Sci. U.S.A. 117, 19896—-19903 https://doi.org/10.1073/pnas.2011366117

Haataja, T., Gado, J.E., Nutt, A., Anderson, N.T., Nilsson, M., Momeni, M.H. et al. (2022) Enzyme kinetics by GH7 cellobiohydrolases on chromogenic
substrates is dictated by non-productive binding: insights from crystal structures and MD simulation. FEBS J. 290, 379-399 https://doi.org/10.1111/
febs. 16602

Hamre, A.G., Schaupp, D., Eijsink, V.G. and Serlie, M. (2015) The directionality of processive enzymes acting on recalcitrant polysaccharides is reflected
in the kinetic signatures of oligomer degradation. FEBS Lett. 589, 1807—1812 https://doi.org/10.1016/}.febslet.2015.05.034

Kari, J., Olsen, J.P., Jensen, K., Badino, S.F., Krogh, K.B.R.M., Borch, K. et al. (2018) Sabatier principle for interfacial (heterogeneous) enzyme
catalysis. ACS Catal. 8, 11966—11972 https://doi.org/10.1021/acscatal.8b03547

Uchiyama, T., Uchihashi, T., Ishida, T., Nakamura, A., Vermaas, J.V., Crowley, M.F. et al. (2022) Lytic polysaccharide monooxygenase increases
cellobiohydrolases activity by promoting decrystallization of cellulose surface. Sci. Adv. 8, eade5155 https://doi.org/10.1126/sciadv.ade5155

1401

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq


https://doi.org/10.1038/srep13521
https://doi.org/10.1046/j.1432-1327.2000.01414.x
https://doi.org/10.1046/j.1432-1327.2000.01414.x
https://doi.org/10.1016/j.biotechadv.2022.108081
https://doi.org/10.1016/j.sbi.2015.07.008
https://doi.org/10.1073/pnas.0608909103
https://doi.org/10.1016/j.jmb.2007.10.039
https://doi.org/10.1074/jbc.M112.402149
https://doi.org/10.1074/jbc.M112.402149
https://doi.org/10.3109/10242422.2012.676282
https://doi.org/10.1038/s41467-018-06362-3
https://doi.org/10.1038/s41467-018-06362-3
https://doi.org/10.1038/s41467-018-06362-3
https://doi.org/10.1038/s41467-018-06362-3
https://doi.org/10.1038/s41467-019-09691-z
https://doi.org/10.1038/s41467-019-09691-z
https://doi.org/10.1038/s41467-019-09691-z
https://doi.org/10.1038/s41467-019-09691-z
https://doi.org/10.1073/pnas.1913398116
https://doi.org/10.1038/s41598-019-50050-1
https://doi.org/10.1038/s41598-019-50050-1
https://doi.org/10.1038/s41598-019-50050-1
https://doi.org/10.1038/s41598-019-50050-1
https://doi.org/10.1038/s41467-022-33180-5
https://doi.org/10.1038/s41467-022-33180-5
https://doi.org/10.1038/s41467-022-33180-5
https://doi.org/10.1038/s41467-022-33180-5
https://doi.org/10.1021/acscatal.2c02377
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1016/B978-0-12-415931-0.00005-7
https://doi.org/10.1007/978-1-61779-956-3_9
https://doi.org/10.1007/978-1-61779-956-3_9
https://doi.org/10.1007/978-1-61779-956-3_9
https://doi.org/10.1007/978-1-61779-956-3_9
https://doi.org/10.1007/978-1-61779-956-3_9
https://doi.org/10.1128/AEM.01260-09
https://doi.org/10.1128/AEM.01260-09
https://doi.org/10.1016/S0021-9258(19)84994-3
https://doi.org/10.1016/S0021-9258(19)84994-3
https://doi.org/10.1016/S0021-9258(19)84994-3
https://doi.org/10.1016/S0021-9258(19)84994-3
https://doi.org/10.1046/j.1432-1327.2000.01315.x
https://doi.org/10.1046/j.1432-1327.2000.01315.x
https://doi.org/10.1128/JB.00481-09
https://doi.org/10.1128/JB.00481-09
https://doi.org/10.1016/s0014-5793(98)00845-x
https://doi.org/10.1016/s0014-5793(98)00845-x
https://doi.org/10.1016/s0014-5793(98)00845-x
https://doi.org/10.1038/ncomms4975
https://doi.org/10.1042/BJ20041144
https://doi.org/10.1021/bi060370l
https://doi.org/10.1021/bi060370l
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1073/pnas.2011366117
https://doi.org/10.1111/febs.16602
https://doi.org/10.1111/febs.16602
https://doi.org/10.1016/j.febslet.2015.05.034
https://doi.org/10.1021/acscatal.8b03547
https://doi.org/10.1126/sciadv.ade5155
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

43
44
45
46
47
48

49

50
51

52

53
54
55
56
57
58
59

60

61
62
63
64
65
66

67

68
69
70
71

72

Biochemical Society Transactions (2023) 51 1387-1403
https://doi.org/10.1042/BST20230136

Hult, E.L., Katouno, F., Uchiyama, T., Watanabe, T. and Sugiyama, J. (2005) Molecular directionality in crystalline beta-chitin: hydrolysis by chitinases A
and B from Serratia marcescens 2170. Biochem. J. 388, 851-856 https://doi.org/10.1042/BJ20050090

Liu, J., Xu, Q., Wu, Y., Sun, D., Zhu, J., Liu, C. et al. (2022) Carbohydrate-binding modules of ChiB and ChiC promote the chitinolytic system of
Serratia marcescens BWL1001. Enzyme Microb. Technol. 162, 110118 https://doi.org/10.1016/j.enzmictec.2022.110118

Renkema, G.H., Boot, R.G., Muijsers, A.O., Donker-Koopman, W.E. and Aerts, J.M. (1995) Purification and characterization of human chitotriosidase, a
novel member of the chitinase family of proteins. J. Biol. Chem. 270, 2198-2202 https://doi.org/10.1074/jbc.270.5.2198

Kuusk, S., Serlie, M. and Véljamé&e, P. (2017) Human chitotriosidase is an endo-processive enzyme. PLoS ONE 12, 0171042 https://doi.org/10.1371/
journal.pone.0171042

Li, P., Wang, X., Zhang, C. and Xu, D. (2022) Processive binding mechanism of Cel9G from Clostridium cellulovorans: molecular dynamics and free
energy landscape investigations. Phys. Chem. Chem. Phys. 25, 647-657 https://doi.org/10.1039/D2CP04830B

Kassem, S., van Leeuwen, T., Lubbe, A.S., Wilson, M.R., Feringa, B.L. and Leigh, D.A. (2017) Artificial molecular motors. Chem. Soc. Rev. 46,
2592-2621 https://doi.org/10.1039/C7CS00245A

Terwisscha van Scheltinga, A.C., Armand, S., Kalk, K.H., Isogai, A., Henrissat, B. and Dijkstra, B.W. (1995) Stereochemistry of chitin hydrolysis by a
plant chitinase/lysozyme and X-ray structure of a complex with allosamidin: evidence for substrate assisted catalysis. Biochemistry 34, 15619-15623
https://doi.org/10.1021/bi00048a003

Matsuzawa, T., Saito, Y. and Yaoi, K. (2014) Key amino acid residues for the endo-processive activity of GH74 xyloglucanase. FEBS Lett. 588,
1731-1738 https://doi.org/10.1016/}.febslet.2014.03.023

Chen, M., Ropartz, D., Mac-Béar, J., Bonnin, E. and Lahaye, M. (2022) New insight into the mode of action of a GH74 xyloglucanase on tamarind seed
xyloglucan: action pattern and cleavage site. Carbohydr. Res. 521, 108661 https://doi.org/10.1016/j.carres.2022.108661

Amal, G., Stogios, P.J., Asohan, J., Skarina, T., Savchenko, A. and Brumer, H. (2018) Structural enzymology reveals the molecular basis of substrate
regiospecificity and processivity of an exemplar bacterial glycoside hydrolase family 74 endo-xyloglucanase. Biochem. J. 475, 3963-3978 https://doi.
0rg/10.1042/BCJ20180763

Amal, G., Stogios, P.J., Asohan, J., Attia, M.A., Skarina, T., Viborg, A.H. et al. (2019) Substrate specificity, regiospecificity, and processivity in glycoside
hydrolase family 74. J. Biol. Chem. 294, 13233—13247 https://doi.org/10.1074/jbc.RA119.009861

Hrmova, M., Harvey, A.J., Wang, J., Shirley, N.J., Jones, G.P., Hgj, P.B. et al. (1996) Barley B-d-glucan exohydrolases with B-d-glucosidase activity.
Purification and determination of primary structure from a cDNA clone. J. Biol. Chem. 271, 5277-5286 https://doi.org/10.1074/jbc.271.9.5277
Kuntothom, T., Raab, M., Tvaro$ka, |., Fort, S., Pengthaisong, S., Cafiada, F.J. et al. (2010) Binding of B-d-glucosides and B-d-mannosides by rice and
barley B-d-glycosidases with distinct substrate specificities. Biochemistry 49, 8779-8793 https://doi.org/10.1021/bi101112¢

Serensen, A., Llbeck, M., Liibeck, P.S. and Ahring, B.K. (2013) Fungal beta-glucosidases: a bottleneck in industrial use of lignocellulosic materials.
Biomolecules 3, 612—-631 https://doi.org/10.3390/biom3030612

Varghese, J.N., Hrmova, M. and Fincher, G.B. (1999) Three-dimensional structure of a barley B-d-glucan exohydrolase, a family 3 glycosyl hydrolase.
Structure 7, 179-190 https://doi.org/10.1016/50969-2126(99)80024-0

Hrmova, M. and Fincher, G.B. (2001) Structure-function relationships of B-d-glucan endo- and exohydrolases from higher plants. Plant Mol. Biol. 47,
73-91 https://doi.org/10.1023/A:1010619128894

Hrmova, M. and Fincher, G.B. (2007) Dissecting the catalytic mechanism of a plant B-d-glucan glucohydrolase through structural biology using inhibitors
and substrate analogues. Carbohydr. Res. 342, 1613—-1623 https://doi.org/10.1016/j.carres.2007.05.013

Macdonald, S.S., Blaukopf, M. and Withers, S.G. (2015) N-acetylglucosaminidases from CAZy family GH3 are really glycoside phosphorylases, thereby
explaining their use of histidine as an acid/base catalyst in place of glutamic acid. J. Biol. Chem. 290, 4887—-4895 https://doi.org/10.1074/jbc.M114.
621110

Hrmova, M., Varghese, J.N., DeGori, R., Smith, B.J., Driguez, H. and Fincher, G.B. (2001) Catalytic mechanisms and reaction intermediates along the
hydrolytic pathway of plant B-d-glucan glucohydrolase. Structure 9, 1005-1016 https://doi.org/10.1016/50969-2126(01)00673-6

Hrmova, M., DeGori, R., Smith, B.J., Fairweather, J.K., Driguez, H., Varghese, J.N. et al. (2002) Structural basis for a broad specificity in higher plant
B-d-glucan glucohydrolases. Plant Cell 14, 1-22 https://doi.org/10.1105/tpc.010442

Miao, Y., Feher, V.A. and McCammon, J.A. (2015) Gaussian accelerated molecular dynamics: unconstrained enhanced sampling and free energy
calculation. J. Chem. Theory Comput. 11, 3584-3595 https://doi.org/10.1021/acs.jctc.5b00436

Borrelli, K.W., Vitalis, A., Alcantara, R. and Guallar, V. (2005) PELE: protein energy landscape exploration. a novel Monte Carlo based technique.

J. Chem. Theory. Comput. 1, 1304-1311 https://doi.org/10.1021/ct0501811

Sanchez-Aparicio, J.E., Sciortino, G., Herrmannsdoerfer, D.V., Chueca, P.0., Pedregal, J.R. and Maréchal, J.D. (2019) GPathfinder: identification of
ligand-binding pathways by a multi-objective genetic algorithm. Int. J. Mol. Sci. 20, 3155 https://doi.org/10.3390/jms20133155

Hiromi, K., Ohnishi, M. and Tanaka, A. (1983) Subsite structure and ligand binding mechanism of glucoamylase. Mol. Cell. Biochem. 51, 79-95
https://doi.org/10.1007/BF00215589

Sevcik, J., Hostinova, E., Solovidové, A., Gasperik, J., Dauter, Z. and Wilson, K.S. (2006) Structure of the complex of a yeast glucoamylase with
acarbose reveals the presence of a raw starch binding site on the catalytic domain. FEBS J. 273, 2161-2171 https://doi.org/10.1111/).1742-4658.
2006.05230.x

Nguyen, L.T., Schmidt, H.A., von Haeseler, A. and Minh, B.Q. (2015) IQ-TREE: a fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268274 https://doi.org/10.1093/molbev/msu300

Harvey, A.J., Hrmova, M., De Gori, R., Varghese, J.N. and Fincher, G.B. (2000) Comparative modeling of the three-dimensional structures of family 3
glycoside hydrolases. Proteins 41, 257-269 https://doi.org/10.1002/1097-0134(20001101)41:2

Dolores Diaz, M., Fernandez-Alonso, M.C., Cuevas, G., Cafiada, F.J. and Jiménez-Barbero, J. (2008) On the role of aromatic-sugar interactions in the
molecular recognition of carbohydrates. A 3D view by using NMR. Pure Appl. Chem. 80, 1827—1835 https://doi.org/10.1351/pac200880081827
Laughrey, Z.R., Kiehna, S.E., Riemen, A.J. and Waters, M.L. (2008) Carbohydrate-rt interactions: what are they worth? J. Am. Chem. Soc. 130,
14625-14633 https://doi.org/10.1021/ja803960x

Raju, R.K., Ramraj, A., Vincent, M.A., Hillier, .H. and Burton, N.A. (2008) Carbohydrate-protein recognition probed by density functional theory and ab
initio calculations including dispersive interactions. Phys. Chem. Chem. Phys. 10, 6500-6508 https://doi.org/10.1039/b809164a

1402 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq


https://doi.org/10.1042/BJ20050090
https://doi.org/10.1016/j.enzmictec.2022.110118
https://doi.org/10.1074/jbc.270.5.2198
https://doi.org/10.1371/journal.pone.0171042
https://doi.org/10.1371/journal.pone.0171042
https://doi.org/10.1039/D2CP04830B
https://doi.org/10.1039/C7CS00245A
https://doi.org/10.1021/bi00048a003
https://doi.org/10.1016/j.febslet.2014.03.023
https://doi.org/10.1016/j.carres.2022.108661
https://doi.org/10.1042/BCJ20180763
https://doi.org/10.1042/BCJ20180763
https://doi.org/10.1074/jbc.RA119.009861
https://doi.org/10.1074/jbc.271.9.5277
https://doi.org/10.1021/bi101112c
https://doi.org/10.3390/biom3030612
https://doi.org/10.1016/s0969-2126(99)80024-0
https://doi.org/10.1016/s0969-2126(99)80024-0
https://doi.org/10.1016/s0969-2126(99)80024-0
https://doi.org/10.1023/A:1010619128894
https://doi.org/10.1016/j.carres.2007.05.013
https://doi.org/10.1074/jbc.M114.621110
https://doi.org/10.1074/jbc.M114.621110
https://doi.org/10.1016/s0969-2126(01)00673-6
https://doi.org/10.1016/s0969-2126(01)00673-6
https://doi.org/10.1016/s0969-2126(01)00673-6
https://doi.org/10.1105/tpc.010442
https://doi.org/10.1021/acs.jctc.5b00436
https://doi.org/10.1021/ct0501811
https://doi.org/10.3390/ijms20133155
https://doi.org/10.1007/BF00215589
https://doi.org/10.1111/j.1742-4658.2006.05230.x
https://doi.org/10.1111/j.1742-4658.2006.05230.x
https://doi.org/10.1111/j.1742-4658.2006.05230.x
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1002/1097-0134(20001101)41:2
https://doi.org/10.1002/1097-0134(20001101)41:2
https://doi.org/10.1351/pac200880081827
https://doi.org/10.1021/ja803960x
https://doi.org/10.1039/b809164a
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2023) 51 1387-1403 ° ot PORTLAND
https://doi.org/10.1042/BST20230136 ... PRESS

73
74

75

76

77

78

Waters, M.L. (2002) Aromatic interactions in model systems. Curr. Opin. Chem. Biol. 6, 736—741 https://doi.org/10.1016/s1367-5931(02)00359-9
Houser, J., Kozmon, S., Mishra, D., Hammerovd, Z., Wimmerova, M. and Koga, J. (2020) The CH-r interaction in protein-carbohydrate binding:
bioinformatics and in vitro quantification. Chemistry 26, 10769-10780 https://doi.org/10.1002/chem.202000593

Zolotnitsky, G., Cogan, U., Adir, N., Solomon, V., Shoham, G. and Shoham, Y. (2004) Mapping glycoside hydrolase substrate subsites by isothermal
titration calorimetry. Proc. Natl Acad. Sci. U.S.A. 101, 11275-11280 https://doi.org/10.1073/pnas.0404311101

McClure, W.R. and Chow, Y. (1980) The kinetics and processivity of nucleic acid polymerases. Methods Enzymol. 64, 277—297 https://doi.org/10.1016/
S0076-6879(80)64013-0

Payne, C.M., Jiang, W., Shirts, M.R., Himmel, M.E., Crowley, M.F. and Beckham, G.T. (2013) Glycoside hydrolase processivity is directly related to
oligosaccharide binding free energy. J. Am. Chem. Soc. 135, 18831-18839 https://doi.org/10.1021/ja407287

Beckham, G.T., Stahlberg, J., Knott, B.C., Himmel, M.E., Crowley, M.F., Sandgren, M. et al. (2014) Towards a molecular-level theory of carbohydrate
processivity in glycoside hydrolases. Curr. Opin. Biotechnol. 27, 96—106 https://doi.org/10.1016/j.copbio.2013.12.002

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1403

€202 AInr 0z uo 3senb Aq Jpd-9e10-€202-1SA/S08.¥6/L8€ LIS/ L G/4Pd-B[01IE/SUBLIO0SWBYD0Iq/WOod ssaidpueiod;/:dpy woly papeojumoq


https://doi.org/10.1016/s1367-5931(02)00359-9
https://doi.org/10.1016/s1367-5931(02)00359-9
https://doi.org/10.1016/s1367-5931(02)00359-9
https://doi.org/10.1002/chem.202000593
https://doi.org/10.1073/pnas.0404311101
https://doi.org/10.1016/S0076-6879(80)64013-0
https://doi.org/10.1016/S0076-6879(80)64013-0
https://doi.org/10.1016/S0076-6879(80)64013-0
https://doi.org/10.1016/S0076-6879(80)64013-0
https://doi.org/10.1021/ja407287
https://doi.org/10.1016/j.copbio.2013.12.002
https://creativecommons.org/licenses/by/4.0/

	Molecular mechanisms of processive glycoside hydrolases underline catalytic pragmatism
	Abstract
	Introduction to processive and distributive catalysis
	Methods of assaying processivity in GHs
	Processive GHs with tunnel-shaped active sites
	Cellulose processive exo- and endo-hydrolytic GHs
	Chitin processive exo-hydrolytic GHs

	Processive GHs with groove-shaped active sites
	Xyloglucan (XG) processive endo-hydrolytic GHs

	Processive GHs with enclosed pocket-shaped active sites
	Exo-acting β-d-glucan glucanohydrolases and substrate-product-assisted processive catalysis
	Mutations in the β-d-glucan glucanohydrolase (HvExoI) alter substrate-product-assisted processivity

	Evolutionary relationships in the GH3 family
	Structural basis of processivity in GHs and its significance
	Conclusions
	Data Availability
	Competing Interests
	Funding
	Open Access
	Author Contributions
	References


