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The structure and dynamics of water
molecule networks underlie catalytic
efficiency in a glycoside exo-hydrolase
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Sukanya Luang1,5, Xavier Fernández-Luengo2,5, Victor A. Streltsov3, Jean-Didier Maréchal2,
Laura Masgrau 2,4 & Maria Hrmova 1

Glycoside hydrolases break glycosidic bonds by transferring a water molecule onto the glycosidic
oxygenof carbohydrates, but on the nanoscale, the dynamics ofwatermolecules remains unclear.We
investigate the role of the non-nucleophilic E220 glutamate, essential for maintaining the water
molecule network in a family 3β-D-glucanglucohydrolase, but not involveddirectly in catalysis. Kinetic
data disclose that the E220A mutant retains substrate poly-specificity but has drastically reduced
catalytic efficiency compared to thewild-type. High-resolution structures in-complexwith a hydrolytic
product and amechanism-based inhibitor reveal that in wild-type, the concatenated water molecules
near acid/base E491 and neighbouring N219 and E220 form a harmonised network. In contrast, in the
E220A mutant, this network is uncoordinated. Computational models of covalent complexes show
that water flux through the wild-type protein correlates with high catalytic efficiency dissimilar to
E220A, where this correlation is lost. Ancestral sequence reconstructions of family 3 enzymes divulge
the evolutionary conservation of residues participating in water molecule networks, which underlie
substrate-product-assistedprocessivity.Our findings provide ablueprint for thedynamics of catalysis
mediated by hydrolytic enzymes, which could inspire bioengineering to create a sustainable bio-
economy.

Water is central to life and fulfils multiple metabolic roles as solvent, sub-
strate, intermediate, cofactor, and product during chemical transformations
in living cells1,2. In theMechanismandCatalytic SiteAtlasDatabase3, 57%of
entries usewater in chemical reactions, and approximately a third to ahalf of
these reactions, classed in the Enzyme Catalytic-mechanism Database v3.0,
utilise or generate water4.

Water and its availability are critical to mechanical support, thermal
coupling, dielectric screening, mass and charge transport, and ligand
competition, where water thermodynamics appears to be a driving force for
protein folding and macromolecular interactions5,6 and regulating biomo-
lecular condensation7,8. In these roles, structure-based water prediction
algorithms envisage water molecule locations and how to incorporate them
in a protein environment of buried pockets9. In some enzymes, such as
dehalogenase, time-dependent fluorescence shifts and molecular dynamics
(MD) simulations revealed hydration dynamics in active sites and how they
differ betweenwild-type (WT)and re-designed enzymes10,11. In proteins, the

collective motions of water molecules could be rotationally restricted.
However, watermolecules still show libration as it is a dominantmotion for
breaking or making hydrogen bonds (H-bonds) in water molecule net-
works, with an average lifetime in liquid water of ≈1 ps12. The entropy of
watermolecules in a protein interior could be similar to that of bulk water13,
although the loss of translational and rotational freedomof watermolecules
in confinement (compared to bulk water environment) means that the loss
of their configurational entropy occurs, due to the narrowing of H-bond
energies. This entropy loss reflects an increase inmolecular order, where an
unfavourable decrease in water molecules’ entropy echoes favourable
enthalpic interactions5.

In glycoside hydrolases, e.g. agarases14, a family-1 β-glycosidase15 and
sialidases16, the networks of H-bonded water molecules are connected to
catalytic residues, which control hydrolysis versus transglycosylation (syn-
thetic) balance. MD simulations revealed that transglycosylation reactions
in an agarase correlated with higher active site water molecule dynamics,
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water survival time reduction, and adecrease inwater purge times14. In anα-
amylase, collective variables (nucleophile and proton donor availability,
H-bond and hydration environments, active site water molecule sites)
controlled substrate reactivity17.

During evolution, hydrolytic reactions are deployed to carry out
chemical breakdowns of compounds owing to reactions with water
molecules, which assist in breaking glycosidic bonds by providing a
hydroxyl group for nucleophilic attack and accepting/donating a proton
from the leaving group18. The term hydrolysis is broadly used for sub-
stitution, elimination, and solvation/desolvation reactions in which water
is a nucleophile. In reactions catalysed by glycoside hydrolase (GH)
enzymes, the water molecule breaks a chemical bond of substrates, where
retaining GHs (contrary to inverting GHs) follow a double displacement
reaction mechanism in two steps with the formation of a covalent
glycosyl-enzyme intermediate15,18–20.

A wide range of glycoside substrates is used by retaining, e.g. GH3
enzymes, which enable hydrolytic and transglycosylation reactions through
the substrate-product-assisted processive catalytic mechanism21,22. Mole-
cular mechanisms underlying processivity in enzymes remain under-
explored, although recently, these concepts received heightened attention,
e.g. investigating α-glucanotransferases23 and cellulases24. Based on crys-
tallographic and multi-scale MD modelling, we have described substrate-
product-assisted processive catalysis in a plant exo-hydrolytic GH3 β-D-
glucan glucohydrolase (HvExoI)21,22.

The structure of HvExoI folds into two domains [(α/β)8 barrel and (α/
β)6 sandwich] that at the interface accommodate an enclosed 13 Å-deep
pocket-shaped active site. This pocket accommodates D285-nucleophile
and E491-acid/base catalysts in the −1 subsite, which provide an anionic
environment for the evolution of an oxocarbenium ion-transition state
upon proton transfer. A vital conclusion was made that the glucose (Glc)
product released fromtheβ-D-glucoside substrates remains entrapped in the
enzyme active site until an incoming substrate binds, presumably lowering
the energy barrier to facilitate Glc displacement21. Further structural ana-
lyses revealed how each hydrolytic event is coordinated with the incoming
substrate binding and hydrolysis to enable substrate-product-assisted pro-
cessivity, which is dictated by the chemical nature of a substrate, and where
multiple hydrolytic events occur without HvExoI de-contacting saccharide
substrates22.

In HvExoI, theW286-W434 clamp at the+1 subsite, playing a role in
substrate binding, is situated next to an enclosed pocket-shaped active site
accommodating nucleophile D285, acid/base E491 and non-nucleophilic
E220 in an anionic−1 subsite environment. The catalysts are in near rigid
states stabilised by a dense H-bond network to mediate hydrolysis, which

proceeds in two steps (Supplementary Fig. 1). Firstly, substrate glycosidic
oxygen is protonated by E491, the glycosidic bond at the reducing end of a
substrate is cleaved, with the Glc moiety adopting a flattened, positively
charged oxocarbenium ion-like transition state, which reacts with D285
forming a glycosyl-enzyme covalent complex. In the next step, a water
molecule with the assistance of E491 (that now acts as the catalytic base
receiving a proton from thewatermolecule) restores the reducing end of the
Glc moiety with retention of anomeric configuration, where Glc stays
attached in the−1 subsite until a new substrate binds19,20.Here, a critical role
of a nucleophilic water molecule is providing the hydroxyl group for
nucleophilic attack and accepting a proton from the leaving group of the β-
D-glucoside substrates18,19.

In one of our studies with HvExoI, we observed that mechanism-
based inhibitors, conduritol B epoxide, 2’,4’-dinitrophenyl 2-deoxy-2-
fluoro-α-D-glucoside (2F-DNPGlc), a non-hydrolysable S-glycoside
analogue 4I, 4III, 4V-S-trithiocellohexaose19, and transition state gluco-
phenylimidazole mimics25 dislodged the Glc product from the −1 sub-
site. We concluded that because HvExoI hydrolysed various β-D-gluco-
side positional isomers, the non-reducing Glc moiety was locked stably in
the −1 subsite position. Conversely, the Glc reducing-end moiety could
adopt multiple orientations in the +1 subsite, which explains substrate
poly-specificity20.

In this work, we leveraged a multidisciplinary approach using
kinetic and X-ray crystallography measurements, and classical molecular
dynamics (cMD) simulations, using the unliganded and complexed WT
and non-nucleophilic E220 mutant (to Ala) forms of HvExoI, to examine
the organisation and dynamics of water molecule networks. We observed
that acid/base E491 and nearby N219 and E220 water-coordinating
residues interlinked water molecules at the van der Waals distances in
active site pocket confinement and connected them with those of bulk
water. In the E220Amutant structure, we noted a dramatic change in the
organisation of a water molecule network and water flux movements
through the enzyme active site, which correlated with profound mod-
ifications of catalytic properties. We concluded that designated residues
participated in the formation of water molecule networks and served as
principal operators to regulate water flux, which directly affected
hydrolytic reactions.

The structural data were further rationalised through bioinformatics
analyses of the GH3 family entries using ancestral sequence recon-
struction (ASR)26,27, which shed light on the evolutionary trajectories of
GH3 entries and revealed water molecule network signatures. We
detected that during evolution, the plant GH3 sub-clades retained unique
residue signatures for water coordination in catalytic pockets. Our ana-
lyses, identifying the structural and evolutionary determinants of water
molecule networks, could be beneficial for a rational design of inter-
connected biotechnologies and offer values beyond enzymology and
biochemistry.

This information could be exploited in biotechnologies to develop
more efficient enzyme forms. In this approach, the impact of catalytic water
molecules on protein structure and dynamics could bemodified to generate
enzymes with modified catalytic rates or controlled preference for hydro-
lytic versus transglycosylation (synthetic) reactions.

Results
The exo-acting HvExoI enzyme adopts a retaining hydrolytic mechan-
ism proceeding in glycosylation and de-glycosylation steps (Supple-
mentary Fig. 1). To define the structural determinants of water molecule
networks and catalytic pocket hydration sites during hydrolysis, we built
on our previous findings with HvExoI19 (Supplementary Fig. 1), created
the E220A mutant (Supplementary Table 1), generated stability and
kinetic data (Supplementary Fig. 2, Tables 1–3 and Supplementary
Tables 2, 3), elucidated high-resolution X-ray structures in unliganded
and complexed states (Fig. 1, Table 4 and Supplementary Table 4), and
compared these data with those of WT. Crystallographic and kinetic
data were complemented by cMD simulations of the WT and E220A

Table 1 | Relative rates of hydrolysis of poly- and
oligosaccharides, and an aryl-glycoside of recombinant
HvExoI wild-type (WT) and mutant E220A forms

Substrate Activity (μmole/min per mg
protein)a

WTb E220A

(1,3;1,6)-β-D-Glucan (laminarin; 3:2)c

(1,4;1,3)-β-D-Glucan (barley glucan;
2.3-2.7:1)c

54.4 ± 0.5
5.4 ± 0.3

0.4 ± 0.01
ndd

Sophorose 6.0 ± 0.1 1.5 ± 0.10

Laminaribiose 1.3 ± 0.01 1.6 ± 0.06

Cellobiose 4.6 ± 0.2 0.3 ± 0.03

Gentiobiose 4.7 ± 0.4 0.6 ± 0.02

4NP-Glc 12.4 ± 0.8 1.6 ± 0.08
aData, expressed in one or two significant digits, are given as mean values with standard error of
measurements (n = 2) after ± signs.
bFrom ref. 22.
cMain types linkages and the ratio of linkage type84.
dnd, (activity) not detected.
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covalent complexes using entropy water clustering28, WaterKit29 and
DynaWatProt30 (Figs. 2–5, Supplementary Figs. 3–7, Supplementary
Tables 5–7, Supplementary Movies 1–2 and Supplementary Methods),
which revealed geometrical parameters of selected residues and
intricate organisation, motions and thermodynamics profiles of water

molecule networks. Structural data were complemented by ASR
analyses26,27 (Fig. 6, Supplementary Figs. 8, 9 and Supplementary
Data 1–3) to reconstruct evolutionary trajectories of GH3 enzymes and
how structural signatures underlie the organisation of water molecule
networks.

Fig. 1 | Cross-eyed stereo views of HvExoI wild-
type (WT) and E220A in apo (unliganded) states,
and in-complex with glucose (Glc) and 2,4-dini-
trophenyl 2-deoxy-2-fluro-α-D-glucopyranoside
(2F-DNPGlc). a Apo or unliganded-WT (PDB
3WLI; residues andGol in cpk and cpk yellow sticks,
and water molecules in red spheres, respectively);
b apo-E220A (PDB 8HJ6; residues and Gol in cpk
green and cpk yellow sticks, respectively); c E220A
in-complex withGlc (PDB 8HJ7; residues andGlc in
cpk cyan and cpk yellow sticks, respectively); and
dE220A in-complexwith two 2F-Glcmoieties (PDB
8HJ8; residues and 2F-Glc in cpk magenta, and cpk
yellow sticks, respectively), where 2F-Glc1 is cova-
lently linked to D285. Structures shown on back-
grounds of surface morphologies are coloured by
electrostatic potentials (white, neutral; blue, +5
kT e−1; red,−5 kT e−1). a–ddepict derived difference
2 m|Fo | -D | Fc| electron density maps for water
molecules (blue mesh,) Gol (green mesh), Glc and
2F-Glc (orange mesh) contoured at 1.0σ levels,
associated with N219, E220 or E220A, K260 and
E491 in unliganded WT and E220A, Glc-bound
E220A, and 2F-Glc-bound E220A structures,
respectively. Identical rotationmatrices were used in
all images. Subsites −1/+1 and +2 are marked.
Number of water molecules in structures varies
between WT and E220A. Dashed lines indicate the
separations at 2.6 to 3.5 Å between residues and
water molecules. There are partial overlaps of water
molecules in images.

a Apo-WT (PDB 3WLI)

b Apo-E220A (PDB 8HJ6)

c E220A in-complex with Glc molecules (PDB 8HJ7)

d E220A in-complex with 2F-Glc moieties (PDB 8HJ8)
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Fig. 2 | Root-mean-square fluctuation (RMSF) and H-bond interactions in
computational models of HvExoI wild-type (WT) and E220A covalent com-
plexes. a RMSF values (Å) are specified as the average of three replicates. Panels
indicate RMSF values and their differences along protein chains, respectively. Loops
carrying E220 (E220A) residues in 220–226 regions, and E491 residue in 494–497
regions of WT (cartoons, cpk sticks) and E220A (cartoons, magenta cpk sticks)
covalent complexes. W286, W434, D285, L5 and D285-Glc adduct (cpk sticks) are

shown for WT. Separations (Å) between Cα atoms of E220 (E220A) and E491
residues are indicated in dashed lines. Properties of surface morphologies coloured
by electrostatic potentials are described in Fig. 1. Subsites −1, +1 and +2 are
marked. Selected Glc moieties of L5 are displayed. b Active site residues-solute H-
bond interactions. cActive site residues-solvent (water molecules) (SolventAcc) and
donor residues-solvent (SolventDnr) H-bond interactions, calculated by cpptraj80.
H-bond fractional occupancy heat term is given as the average of three replicates.
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Physico-chemical properties, substrate specificity and kinetic
constants of the HvExoI wild-type (WT) and mutant E220A forms
signal differences in protein structures
Measurements of physico-chemical properties of theWTandE220A forms,
such as hydrolytic activity dependences on pH (Supplementary Fig. 2a) and
temperature (Supplementary Fig. 2b) indicated that the pH optimum of
E220Awas shifted toward an acidic region of 4.5, compared to that of 5.0 in
WT. In contrast, the temperature sensitivity in both enzymes remained
similar (Supplementary Fig. 2b).

To quantify the kinetic parameters of the WT and E220A with car-
bohydrate substrates, we measured relative rates of hydrolysis and calcu-
lated apparent first-order (KM, kcat) constants, and second-order (kcat/KM)
reaction rate constants (catalytic efficiency), andfirst-order (Ki) constants of
enzyme-inhibitor complexes (Tables 1–3 and Supplementary Tables 2, 3).
We observed that the E220A mutation predominantly affected the kcat
parametersmeasuredwith laminaribiose, cellobiose and 4-nitrophenyl β-D-
glucoside (4NP-Glc) (Supplementary Table 3). Consistent with our pre-
dictions, kinetic data revealed that the E220A mutant retained substrate
poly-specificity (Table 1 and Supplementary Table 2) but was 10 to 30-fold
less efficient with (1,3)-, and (1,4)-linked gluco-oligosaccharides and 4NP-
Glc, and lost activity with (1,3;1,6)- and (1,3;1,4)-linked polysaccharides,
compared to WT (Table 2 and Supplementary Tables 2, 3). To define the
strength of binding with methyl 6-thio-β-gentiobioside (G6SG-OMe), and
substrate analogue andmechanism-based inhibitors glucono-δ-lactone and
2F-DNPGlc, we determined Ki constants, using a competitive inhibition
model (Table 3). These examinations revealed around 13-fold weaker
binding of glucono-δ-lactone in E220A (Ki = 103 × 10−6M) compared to
WT (Ki = 10 × 10−6M), while 2F-DNPGlc bound in WT and E220A with
the same strength (Ki = 0.5 × 10−6 M). However, the differences inKi values
with G6SG-OMe between WT and E220A were less pronounced with
around 3-fold tighter binding in WT (Table 3).

Substrate specificity and kinetic data signalled the decreased hydrolytic
efficiency with β-D-glucosides in the E220A mutant compared toWT, and

correlated with the weaker binding of G6SG-OMe and glucono-δ-lactone,
while 2F-DNPGlc bound with the same strength.

Crystal structures of the HvExoI wild-type (WT) and mutant
E220A forms describe water molecule networks in active sites
We elucidated three crystal structures of the E220A mutant [Protein Data
Bank (PDB) 8HJ6, 8HJ7, 8HJ8] with a resolution of better than 1.95 Å at
atomic levels when atoms of C–C bonds are resolved. We compared these
structures with the solvedWT enzyme forms (PDB 3WLI and 1IEW)19,21,22

to establish bindingmodes of substrates and inhibitors and define structural
differences (Fig. 1, Table 4 and Supplementary Table 4).

Apo-form of E220A and comparison with WT. Crystal structures of
E220A (PDB 8HJ6; 1.78 Å resolution) and WT (PDB 3WLI; 1.45 Å
resolution) indicated that both structures had similar backbone dis-
positions (the root-mean-square deviation—RMSD value 0.14 Å).
However, the E220 side-chain replacement for alanine instigated a
modified pattern of water molecule coordination by E491, N219, E220
(E220A), D285 and K260. The most prominent difference between the
two structures was the number of water molecules associated with cat-
alytic acid/base E491, and the N219, E220 (or E220A) and K260 water-
coordinating residues creating characteristic networks, and where K260
connected these networks to bulk water milieu (Fig. 1a, b). We observed
10 and 15 respective water molecules in the E220A andWT structures at
the separations between 2.5 to 3.5 Å (Fig. 1a, b). Explicitly, in WT and
E220A,N219 andE491 coordinated four and threewatermolecules, E220
or E220A channelled four and one water molecules, while K260 coor-
dinated three and one water molecules, respectively (Fig. 1a, b).

E220A in-complex with the Glc product and comparison with WT.
Hydrolytic product Glc is a relatively weak binder in HvExoI with a Ki

value of 0.16 × 10−3 M22. In HvExoI (PDB 3WLO; 1.55 Å resolution),
two Glc molecules, one of each in the −1 and +1 subsites, were
observed in 4C1 chair and 1S3 skew boat conformations with classic
Cremer–Pople ring-puckering parameters31, and forming a network of
12–13 mono- and cooperative bi- and tri-dentate H-bonds22. Corre-
spondingly to the WT structure, the analysis of the E220A mutant form
in-complex with Glc (PDB 8HJ7; 1.85 Å resolution) revealed the pre-
sence of two Glc molecules in 4C1 chair conformation, each in the −1
and +1 subsites, also consistent with classical Cremer–Pople ring-
puckering parameters, which were fitted to the calculated difference
electron density map, observed in these subsites (Supplementary
Fig. 1c, d). The most prominent interactions of the −1 subsite-bound
Glc molecule were short H-bonds of 2.5 to 2.7 Å between Oδ2 atoms of
D95 and C4-OH and C6-OH groups of Glc. The Glc molecule in the
+1 subsite was constrained through stacking interactions at the 4.2 Å
and 4.4 Å separations from the centres of phenyl ring moieties of W286
and W434, respectively (Fig. 1c). In the E220A structure, the most
noticeable was the presence of nine water molecules coordinated by
N219, E220A, D285 and K260, and where E491 channelled one water
molecule, compared to 15 water molecules in WT with four channelled
through E49121 (Fig. 1c).

Table 2 | Apparent second-order reaction rate kinetic
constants of recombinant HvExoI wild-type (WT) and mutant
E220A forms

kcat/KM (mM-1 s-1)a

Substrate WTb E220A

(1,3;1,6)-β-D-Glucan (laminarin)c 234.0 ± 41.0 ndd

(1,4;1,3)-β-D-Glucan (barley
glucan)c

365.5 ± 58.0 nd

Laminaribiose 41.2 ± 5.6 2.9 ± 0.1

Cellobiose 3.7 ± 0.2 0.2 ± 0.03

4NP-Glc 13.9 ± 0.6 1.3 ± 0.2
aData, expressed in one or two significant digits, are given as mean values with standard error of
measurements (n = 4–6) after ± signs.
bFrom ref. 22.
cMain types linkages and the ratio of linkage type84.
dnd, (activity) not detected.

Table 3 | Apparent inhibition constants of recombinant HvExoI wild-type (WT) and mutant E220A forms

Ki
a

Inhibitor WT glycosylated WT De-glycosylated E220A De-glycosylated

G6SG-OMe Ki (M) ΔG (kJ mol−1)b 109 × 10−6 − 23.0 71 × 10−6 − 24.1 340 × 10−6− 20.1

Glucono-δ-lactone Ki (M) ΔG (kJ mol−1) 10 × 10−6 − 29.0 8 × 10−6 − 29.6 103 × 10−6− 23.1

2F-DNPGlc Ki (M) ΔG (kJ mol−1) 0.5 × 10−6− 36.6 0.5 × 10−6− 36.6 0.5 × 10−6 − 36.6
aData expressed in one significant digit.
bCalculated according to ΔG =−RT ln [1/Ki]

85.
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E220A in-complex with the 2-deoxy-2-fluoro-α-D-glucopyranosyl
(2F-Glc) moiety covalently linked to D285 and comparison with WT.
2F-DNPGlc bound with a similar strength in WT and E220A (Table 3).
The WT structure containing the 2F-Glc moiety linked to D285 (PDB
1IEW; 2.55 Å resolution; cf. Fig. 5c in ref. 19) was collected using an in-
house X-ray source and solved with an electron density in the−1 subsite
corresponding to the 2F-Glc-D285 adduct (Supplementary Fig. 1b). This
electron density map contoured at 4.2σ was interpreted containing the
covalent glycosyl-enzyme intermediate of a catalytically competent
enzyme. The C1 separation between 2F-Glc andOδ1 of D285was 1.47 Å,
indicating a covalent linkage formed through α-anomeric configuration.
A similar adduct formed in the E220A structure (PDB 8HJ8; 1.95 Å
resolution) revealed the presence of two 2F-Glc molecules in 4C1 chair
conformation in the −1 and +1 subsites, consistent with classical
Cremer–Pople ring-puckering parameters (Supplementary Fig. 1d).Here
2F-Glc in the−1 subsite slightly tilted towardsD285, compared to theGlc
molecule in E220A (Fig. 1c) or the 2F-Glc moiety in WT (cf. Fig. 5c in
ref. 19). The Oδ2 of D285 H-bond with the F-atom in the E220A/2F-Glc

complex (Fig. 1d)waswithin an overall coordinate error limit ofH-bonds
between Oδ1 of D285 and the C2-OH group of Glc in the E220A/Glc
complex (Fig. 1c, d and Table 4). In E220A, the 2F-Glc moiety in the
−1 subsite formed a covalent linkage at the separation of 1.39 Å between
C1 of 2F-Glc andOδ1 of D285 (Fig. 1d). Here, we also observed that E491
and G57 formed short H-bonds with the C1-OH and C3-OH groups of
2F-Glc, and D95, R158, K206, H207 and R291 established H-bond at 2.5
to 3.0 Å to 2F-Glc in the−1 subsite, alike theWT structure with 2F-Glc19.
In the E220A/2F-Glc complex, we identified eight water molecules
coordinated via H-bonds with N219, E220A, K260, D285 and
E491 (Fig. 1d).

Crystal structures of an unliganded E220A mutant form and in-
complex with Glc and a mechanism-based inhibitor 2F-DNPGlc revealed
significant differences in distributions of water molecule networks in active
sites compared to those in WT.

Computational models of the HvExoI wild-type (WT) and E220A
covalent complexes through cMD simulations establish differ-
ences in water molecule networks
We built computational models of WT and E220A covalent complexes
(Supplementary Fig. 3 and Supplementary Table 5) to investigate structural
determinants of water molecule networks and how they are coordinated,
through cMD in three replicates, each in one μs duration. These models
contained the hydrolytic product (1,3)-linked β-D-glucoside laminar-
ipentaose (L5) in the +1 and +2 subsites (and facing bulk solvent) origi-
nating from laminarihexaose (L6), and the 2F-Glc moiety linked covalently
to catalytic nucleophile D285 in the −1 subsite. This configuration reflects
processive catalysis in HvExoI, where the oligosaccharide product (which
becomes a new substrate in the next hydrolysis round) is retained in the+1
and+2 subsites. Here, we kept the full L5 substrate chain, as the dynamics
and interactions of the oligosaccharide chain are likely to affect its posi-
tioning and the influx of water molecules into the active site21,22.

Three trajectory replicates revealed that the root-mean-square
fluctuation (RMSF) values of Cα atoms were higher in the 220–230
residue region in WT, whereas the loop carrying these residues had
surprisingly higher flexibility compared to E220A (Fig. 2a). In the
E220A complex, we observed that the loop in the 224–227 residue
region had re-positioned in the active site cavity compared to WT.
This re-positioning caused the mutated E220A residue to adopt an
altered orientation (Fig. 2a). Analyses of protein-solute H-bond
interactions indicated that the E220A mutation was accompanied by
differences in N219-E491 H-bonds frequencies, where the N219-
E491 interaction values in WT and E220A were 0.19 and 0.53,
respectively (Fig. 2b; calculations described in “Methods”). Notably,
in WT this H-bond was formed between Nδ2 and the E491 backbone
carbonyl atom, whereas in E220A, it switched towards the E491
carboxylate. This change resulted in a lower frequency of the E491-
water H-bonds in E220A (2.44) than in WT (3.04) (Fig. 2c). Other
residue interactions, e.g. between E220 and R291 were seen in WT
only but were absent in the E220A complex. We also observed new
H-bonds formed between R291-K260 and R291-E287 in the latter
complex. These changes were mirrored by the adjustments of
H-bond frequencies between residues and water molecules in both
complexes. In WT, a total of E220-water molecules H-bonds reached
the value of 3.92, while those of the N219-water molecules H-bonds
were higher in WT (1.57), compared to E220A (1.36). These eva-
luations indicated that some prevalent and strong protein-water
molecule H-bonds appearing in WT were lost upon muta-
tion (Fig. 2c).

In summary, while in WT the loop carrying the 220–230 residues
showed unexpectedly increased flexibility in the E220A complex, we
observed the altered dispositions and H-bond interactions of residues that
neighbour E220A, which resulted in modified water accessibility—this
cooperatively led to losses of hydrophilic interactions of the loop carrying
the E220A residue.

Table 4 | Data collection and refinement statistics of HvExoI
E220A structures in apo (unliganded)-form, and in-complex
with glucose (Glc) and the mechanism-based inhibitor 2F-
DNPGlc

E220A Apo E220A
Glc bound

E220A 2F-
DNPGlc bound

PDB accession 8HJ6 8HJ7 8HJ8

Data collection

Space group P43212 P43212 P43212

Number of
molecules/ASU

1 1 1

Cell dimensions

a, b, c (Å) 100.23,
100.23, 183.17

100.63,
100.63, 182.32

100.50,
100.50, 182.69

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 87.93–1.79
(1.84–1.79)a

88.10–1.85
(1.90–1.85)

88.06–1.95
(2.00–1.95)

Rmerge (%)b 9.6 (83.5) 9.4 (82.3) 9.2 (80.0)

I /σI 48.6 (2.3) 50.8 (2.3) 38.7 (3.0)

Completeness (%) 95.3 (68.3) 98.0 (80.0) 100 (100)

Redundancy 24.8 26.0 28.2

CC1/2 (%) 99.8 99.8 99.7

Refinement

Resolution (Å) 87.93–1.79 88.10–1.85 88.06–1.95

No. reflections 79,237 74,941 64,685

Rwork/Rfree 0.155/0.187 0.175/0.205 0.154/0.184

No. of atoms 5313 5300 5270

Protein 4618 4577 4618

Ligand/ion 0 24 23

Water 695 699 629

B-factors 27.86 38.03 32.58

Protein 70.03 35.48 30.19

Ligand – 44.84 40.50

Water 37.94 49.79 41.72

RMSD values

Bond lengths (Å) 0.021 0.009 0.024

Bond angles (°) 1.661 1.159 1.818
aValues in parentheses are for the highest resolution shell.
bRmerge = 100 [∑(Ii− <I > )2/∑Ii

2], summed over all (highest shell) independent reflections.
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Distributions of side-chain dihedral angles and frequencies of
active site residues in the computational models of wild-type
(WT) and E220A covalent complexes
To investigate how the E220Amutation propagates into spatial dispositions
of active site residues involved in water molecule network formations,
potentially affecting residue conformations during catalysis, we analysed
geometrical parameters such as side-chain dihedral angle distributions and
frequencies of the E491 and N291 residues. These analyses were based on
cMD frames with active site water molecules included (Fig. 3 and Supple-
mentary Figs. 4, 5).

Analyses of distributions and frequencies of the side-chain dihedral χ1,
χ2 and χ3 angles in E491 of the WT covalent complex revealed that the
distribution of the χ1 angle along C-Cα-Cβ-Cγ atoms exhibited a narrow
distributionof around60°.Conversely, in theE220Acomplex, amultimodal
and wider distribution was observed (within angular angles of 0 to 200° and
0 to −200°) with the maximum population shifted to 170°. Here, we
detected a significantly lower occurrence of the dominant χ2 angle config-
uration observed inWT between 40° and 80° that was compensated by the
increased populations at around −100° and 180° in the E220A mutant. In
contrast, distributions of the χ3dihedral angleswere similar in both covalent
complexes (Fig. 3a). These quantitative data reflected on overall geometries
of active sites and divergent conformations adopted by the E491 side-
chains (Fig. 3b).

Similar analyses of side-chain dihedral angle distributions and fre-
quencies were conducted for the N219 residue of the WT and E220A
covalent complexes (Supplementary Fig. 4a and Supplementary Table 6).
Weobserved differencesbetween the χ1 and χ2 angle conformations in both
complexes, with preferential values of around 170° and 100°, respectively,
for WT and 60°/−60° and −100° for E220A, and the χ1 angle of E220A
featuring a more noticeable bimodal distribution due to the defined para-
meters of the N219 dihedral angles. These alterations may be related to the
H-bond formed at the separation of 3.9 Å betweenNδ2 ofN219 andOε1 or
Oε2ofE491 in theE220Acomplex.ThisH-bondwas absent inWT,where a
much looser interaction was observed with the E491 backbone (Supple-
mentary Fig. 4b).Although thepresence of theseH-bondswasnot limited to
the unique N219 and E491 dihedral values (Supplementary Fig. 5), the
E220A mutation induced their differential orientations and differences in
H-bondswith catalytic acid/base E491, and surrounding residues andwater
molecules. This observation suggested thatwatermolecules nearE491 could
be misallocated in the E220A complex and would not exhibit ideal dis-
positions for the nucleophilic attack at the anomeric carbon compared to
WT. Moreover, this new N219-E491 H-bond could affect the pKa value of
E491 and reduce its proton-binding affinity for catalytic water activation,
thus reducing the hydrolytic activity of the E220A mutant32.

Frequency profiles of water molecules in active sites of compu-
tational models of the wild-type (WT) and E220A covalent
complexes
We examined the radial pair distribution function (RDF) parameters (or
how density varies as a function of distance from a reference particle) of
water molecules centred on Cα atoms of D285 as indicators of character-
istics of water molecule networks in the computational models of the WT
and E220A covalent complexes. These analyses indicated that the RDF
profiles exhibited similar trends in both complexes, although the frequency
profile of water molecules around the 6.5 Å radius was higher in the E220A
complex (Fig. 4a).

The frequency histograms of the total numbers of water molecules
located within the 6.5 and 8 Å spheres of Cα atoms of E220/E220A, E491,
N219 and D285 of the WT and E220A complexes showed mixed char-
acteristics (Fig. 4b and Supplementary Fig. 6).While the histogram of water
molecules around E491 inWT exhibited higher numbers and a marginally
higher frequency (attributable to the function of E491 as a catalytic acid/
base), in the E220A mutant, we observed higher frequencies of water
molecule distributions within the same spheres of the E220A residue, as
presumably water molecules fill-in the region vacated by a side-chain

substitution upon mutation (Fig. 4b). Water molecules linked to E220 and
E491 in theWTcomplex formed an internal and coordinated networkofH-
bonds, while in E220A, this pattern of coordination was absent (Fig. 4c).
Here, the role of the E491 residue in catalysis, as a catalytic base, is in the
activation of water molecules for nucleophilic attack in both complexes.
Consequently, in the E220A mutant, the E220A replacement would affect
the environment and the function of E491 and influence hydrolytic rates
and efficiency. In the frequencyhistogramsofwatermolecules centred atCα
atoms of N219, we observed higher and lower water molecule numbers
located within 6.5 and 8 Å spheres, respectively, however, with similar fre-
quencies (Supplementary Fig. 6a). Conversely, higher numbers of water
molecules were identified within 6.5 and 8 Å spheres of Cα atoms of D285
(Supplementary Fig. 6a), with short contacts at the separations of ≤3.5 Å
between water molecules and the Oδ2 atoms of D285 in both enzymes
(Supplementary Fig. 6b).

Distributions of catalytic water molecules in computational
models of the HvExoI wild-type (WT) and E220A covalent
complexes
In our analyses, we define catalytic water at a separation of ≤3.5 Å from the
Oε1 orOε2 atoms of E491 and at ≤4.5 Å from the C1 atom of the D285-Glc
adduct, which corresponds to the centre of a glycosidic bond cleavage.
Distributions of catalytic water molecules as a mean of three replicates,
expressed in total numbers and percentages of all watermolecules identified
in three replicates of both proteins, indicated that the higher average
occurrences of catalytic watermolecules, 68%versus 57%,were identified in
the WT complex compared to mutant E220A (Fig. 5a). Dispositions of
selected catalytic water molecules in active sites (at the separations ≤2.9 Å
from E491), based on evaluations of three computational frames of HvExoI
wild-type (WT) and E220A along cMD simulations, indicated that four
water molecules associated through H-bonds with E491 in both cases
(Fig. 5a). Thesewatermolecules were placed discreetly in regular patterns in
WT between E491 and E220 residues. Conversely, in the E220A complex,
water molecules were clumped together and failed to exhibit even disposi-
tions within the space of a catalytic pocket.

WaterKit describes catalytic pocket water hydration sites in the
HvExoI wild-type (WT) and E220A crystal structures in-complex
with the Glc product
The WaterKit simulation protocol29, which performs the thermodynamic
profiling of protein hydration sites, was used to predict dispositions of
individual water molecules and their densities in active sites of the crystal
structures ofWT (PDB 3WLH) and E220A (PDB 8HJ7) in-complex with a
Glc product. Here, we detected a differently organised water density net-
work in the E220A catalytic site compared to theWT structure. Specifically,
in the E220A complex we identified a deeper internal water density and a
disrupted water network around the E220A residue and its surroundings
(Fig. 5b). This altered water density was predominantly seen in the region
that would otherwise be occupied by the E220 side-chain (Fig. 5b, c, Sup-
plementary Fig. 7 and Supplementary Table 7).

DynaWatProt predicts global dynamics and density of water
molecule networks in the computational models of HvExoI wild-
type (WT) and E220A covalent complexes
Analyses of water movement predictions using the Python package
DynaWatProt30, based on cMD simulations, revealed dramatic and pro-
found contrasts in global dynamics and density of water molecule networks
inWT and E220A covalent complexes (Supplementary Movies 1, 2). Here,
the extensivewatermolecule networkswere formed in the vicinity of entries
into the active sites of both complexes (Fig. 5d).

The evaluations of the entropy of these water clusters revealed a higher
entropy in the mutant E220A (Supplementary Table 5). However, the dis-
position, coordination and penetration of water molecules near a protein
surface were disrupted in the E220A complex, compared to those processes
in WT, due to the mutated E220 (Fig. 5). As expected, this mutation led to
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Geometrical parameters of E491 in WT and E220A covalent complexes
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Fig. 3 | Frequencies of side-chain χ1, χ2 and χ3 dihedral angle distributions of
E491 in HvExoI computational models of wild-type (WT) and E220A covalent
complexes. a Frequencies of χ1, χ2 and χ3 dihedral angle (°) distributions of E491.
b Dispositions of active site residues and D285-Glc adduct (cpk sticks and lines) in
WT and E220A are shown for three selected frames (represented by D285-Glc

adducts) along cMD simulations. Water molecules (red spheres) at separations of
≤3.0 Å between Oε1 or Oε2 atoms of E491 are indicated in dashed lines. Dihedral
angles χ1, χ2 and χ3 of E491 in WT are marked by lassos in (b), and peaks of
frequencies in asterisks in (a, b). Subsites −1 and +1 are marked. Properties of
surface morphologies coloured by electrostatic potentials are described in Fig. 1.
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Water molecule networks in wild-type (WT) and E220A covalent complexes 
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Fig. 4 | Water molecule networks of active site pockets in HvExoI computational
models of wild-type (WT) and E220A covalent complexes. a Radial pair dis-
tribution function profiles (quantified by density variation as a function of distance
from a reference particle) of water molecules centred on Cα atoms of D285 (average
of three replicates). b Frequencies of water molecules located within 6.5 Å and 8 Å
spheres of E220/E220A andE491. cDispositions of active site residues andD285-Glc
adduct (cpk sticks and lines) in WT and E220A covalent complexes are shown for

three selected frames (represented by D285-Glc adduct) along cMD simulations.
Watermolecules at separations of≤4.7, 6.5 and 9.5 Å fromE220/E220A, E491, N219
and D285-Glc adduct are specified in red, green and blue spheres (displayed in-
depth cue mode), respectively. Subsites −1, +1 and +2 are marked. Selected Glc
moieties of L5 are displayed. Separation between E220 and E491, and water mole-
cules of ≤3.6 Å are shown in dashed lines. Properties of surface morphologies
coloured by electrostatic potentials are described in Fig. 1.
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Catalytic water molecules and water network densities 
in wild-type (WT) and E220A covalent complexes
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Fig. 5 | Predictions of catalytic water molecules and water molecule network
densities in HvExoI computational models of wild-type (WT) and E220A
covalent complexes. a Prevalence of catalytic water molecules (cpk spheres) in
computational models of WT and E220A are shown for three selected frames
(represented by N219, E220/E220A, D285-Glc adduct) along cMD simulations.
Separations of water molecules (cpk spheres) from Oε1 and Oε2 atoms of E491 at
≤2.9 Å are indicated in dashed lines. Properties of surfacemorphologies coloured by
electrostatic potentials are described in Fig. 1. Selected Glc moieties of L5 are dis-
played. b Predicted water molecule network densities in superposed (RMSD value
0.13 Å) WT (PDB 3WLH) and E220A (PDB 8HJ7) structures in-complex with Glc
using WaterKit29. Images of WT (blue surface contoured at −1 kT e−1 level) and
E220A (orange mesh contoured at −1 kT e−1 level) depict clusters of water

molecules (red and blue spheres for WT and E220A, respectively). Alternate water
molecule dispositions in E220A are marked in an ellipsoid. Key active site residues
and Glc molecules (cpk sticks) are indicated for WT (cyan cpk sticks) and E220A
(orange cpk sticks). Properties of a surface morphology of WT coloured by an
electrostatic potential are described in Fig. 1. c Retaining catalytic mechanism of
HvExoI and averages of catalytic water molecules (%) of all water molecules iden-
tified in replicates 1–3 in WT and E220A covalent complexes. d Snapshots from
molecular animations illustrating the participation of catalytic water molecules (red
spheres) in active site residues of WT and E220A covalent complexes, predicted by
DynaWatProt30. Protein folds are shown in lime green (WT) and light blue (E220A)
and correspondingly coloured residues in cpk sticks, with L5 substrate surfaces
indicated in a mesh. Subsites −1 and +1 are marked in all images.
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modifications of the overall intake of water molecules. Specifically, in the
mutant E220A complex (Supplementary Movie 2), we observed a deeper
penetration of water molecules into the active site pocket in smaller num-
bers, compared to those in WT (Supplementary Movie 1). Indeed, the
visualisation of water clusters in both complexes illustrated the dispositions
of putative catalytic watermolecules (Fig. 5c, d). These water clusters shared
close proximity to anomeric carbons, E491 and D285 side-chains in both
complexes. However, only in WT, a potential catalytic water was observed
within an optimal distance and orientation to the anomeric carbon at the β-
face of the Glc molecule for a nucleophilic attack, as described above
(Supplementary Movies 1, 2).

Ancestral sequence reconstruction (ASR) of the glycoside
hydrolase family-3 (GH3) estimates the evolution of water mole-
cule network-associated signatures
We employed FireProtASR26,27 to reconstruct ancestral (or progenitor)
sequences and infer evolutionarily conserved motifs linked to water mole-
cule networks in the GH3 family. Two analyses were undertaken, where we
first used the HvExoI sequence and specified the essential D285 and E491
catalysts while searching databases at 20–90% sequence identity to the
HvExoI sequence. Here, FireProtASR generated a homologous group of
bacterial, metagenome and plant sequences, where monocot and dicot
entries formed a unique plant clade containing HvExoI (Fig. 6 and Sup-
plementary Data 1–3). This GH3 clade with monocot and dicot entries and
involving theN219, E220 andK260 residues (HvExoI numbering), engaged
in water molecule networks, was disconnected from bacterial clades. The
ancestral node 196 represented themost plausible node for the evolutionof a
plant clade. Conversely, the N219-E220 residues (or NE signature) were
substituted in nodes 179, 180 and 195 by the DE or DQ signatures, whereas
D285 and E491 were conserved in all entries (Supplementary Fig. 8).
Overall, 39-96% sequence identity was observed in the plant group, with
ancestral sequences 179 and 180 being the most identical at 96%, meaning
that these nodes may have originated concurrently during evolution
(Supplementary Fig. 8).

Whenweused theHvExoI sequence andas the essential residuesD285,
E491, N219 and E220A, and searched databases at 30-90% sequence
identity, monocot and dicot entries allocated in separate clades (Supple-
mentary Fig. 9a). For monocots, ancestral nodes 131, 132, 133, 136 and 164
appeared to be the most related containing conserved catalytic signatures
participating in water molecule networks (Supplementary Fig. 9b). We
observed that ancestral sequences 132 and 163 were identical at 75% to
HvExoI and that in plant entries an overall 73–99% sequence identity was
seen, with ancestral sequences 132 and 163 being themost identical at 99%,
implying these ancestral nodes could share an evolutionary history.

In summary, ASR analyses indicated that the residues equivalent to
D285, E491, N219, E220 and K260 in HvExoI were invariant in the
examined plant GH3 and their ancestral nodes. This conservation implies
an ancient evolutionary history for active site residues.

Discussion
An exohydrolytic β-D-glucan glycohydrolase HvExoI, classified in the GH3
family33 exemplifies a class of enzymes with a pocket-shaped catalytic site,
which employs substrate-product assisted processive catalysis21,22,34. This
mechanism operates in GH3 hydrolases recognising oligo- and polymeric
carbohydrate substrates21,22,35, which reflects the architecture of a catalytic
site, where structural determinants govern substrate binding, including
directionality and specificity, to ensure optimal catalytic efficiency. The
essence of substrate-product-assisted processivity resides in the role of a
hydrolytic Glc product, which induces the formation of a lateral cavity to
allow Glc egress and the next hydrolytic event to proceed using a retaining
catalytic mechanism18,19,36,37. Processivity thus enables multiple catalytic
cycles to proceed without an enzyme losing contact with oligo- or poly-
saccharides. This mechanism contrasts with distributive catalysis, where
catalysts follow a conventional enzyme-reactant-association-transforma-
tion-dissociation pattern34.

In HvExoI, we defined substrate-product-assisted processivity, reac-
tant trajectories and mechanisms of breakdown of oligo- and poly-
saccharides based on nearly 40 crystal structures ofWT andmutant ligand-
free forms and in-complex with a product, substrate analogues, and posi-
tional isomers of O- and S-linked substrates19–22,25,38. One of the residues,
which cooperatively coordinated water molecules with acid/base E491 was
non-nucleophilic E22019,21,22. To precisely define the function of this residue,
here,we resolved threehigh-resolutionX-ray crystal structures of theE220A
HvExoI mutant in an unliganded form and in-complex with the
mechanism-based 2F-DNPGlc inhibitor and a Glc product. Based on these
structures, we constructed computational models of covalent complexes of
theWTandE220A forms to define dispositions ofwatermolecule networks
and the organisation of catalytic pocket hydration sites. The precise defi-
nition of placements of water molecules during catalysis is vital, as they are
critical for ligand binding and enthalpic and entropic water molecule con-
tributions to catalysis29,39–41. These firmly bound water molecules with slow
dynamics are often considered an extension of a protein or its binding site5.

In the WT structure of HvExoI in-complex with 2F-DNPGlc (Supple-
mentary Fig. 1b), we observed an interconnected network of water molecules
near acid/base E491 and neighbouring non-nucleophilic E22019. We hypo-
thesised that these water molecules are directed precisely to their target
locations (rather than through arbitrary movements) and that the nearest
water molecule to E491 could fulfil the role of a candidate nucleophile during
hydrolysis. In our earlier studies, we noted that mostly charged residues,
including D285 and E491 and neighbouring D219 and E220, in addition to
the Glc product, stabilised water molecules19. In the current work, our
interpretations of electron density maps at 1.95Å resolution in the E220A
mutant unambiguously placed one 2F-Glc moiety covalently linked to D285
at the separation of 1.39Å between C1 of 2F-Glc and Oδ1 of D285, and
constrained byH-bonds through neighbouring residues (Fig. 1d). The second
2F-Glc moiety was bound by the W286-W434 clamp, forming face-to-face
stacking interactions, known as the London dispersion-driven C-H-π forces42.
The comparison of Nwater/Nresidue ratios 1.21 versus 0.47 (N=number of
water molecules/residues) in the WT (1.95Å; synchrotron data collection)
and E220A (2.55Å; in-house data collection) structures in-complex with 2F-
DNPGlc, revealed a higher number of experimentally observable water
molecules in WT. This disparity can be explained by the brilliance of X-rays
used for WT data collection, allowing a better interpretation of protein
conformation with associated ligands and water molecules43,44.

Evaluation of side-chain dihedral angle distributions of residues is
critical as they define discrete orientations of geometric and rotameric
structural features. These parameters modulate entropy and spatial dis-
tributions of side-chains and rearrange H-bonds while adopting a finite set
of statistically significant 3D positions45, 46. In this framework, catalytic
proteins represent special states as they traverse a multidimensional energy
landscape during catalysis and adopt various rotamers. Notably, the typical
free energy of an H-bond (around 15 to 20 kJ/mole) is in the same order as
an entire protein folding free energy47.

The analyses of dihedral angle distributions for side-chain χ2 and χ3
angles ofE491, and χ1 and χ2 anglesofN219 indicatedmultimodal patterns.
Notably, in the E220A complex, the χ1 E491 angle distribution was broader
and multifaceted, and had lower occurrences of the preferred χ1 and χ2
angle configurations seen inWT that had shifted towards a variety of values
(Fig. 3a). These values reflected dispositions of E491 in the E220A complex,
which are less likely to be compatiblewith optimal structural preferences for
high-efficiency catalysis.Wealsoobserved that thedihedral χ1 and χ2 angles
of N219 in WT and E220A exhibited reciprocal patterns in a side-chain
frequency (Supplementary Fig. 4a), mainly due to the H-bond formed
between Nδ2 of N219 and Oε1 or Oε2 of E491 in the E220A complex
(Supplementary Fig. 4b). This 3.9 Å H-bond appears to “hijack” E491 and
hinder the extraction of a proton evolving from the catalytic water required
for hydrolysis.

We further compared the values of side-chain dihedral angle dis-
tributions of theWTandE220Acrystal structures (SupplementaryTable 6).
We observed differences in dihedral angle distributions of N219 and E491
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between the WT and E220A structures and computational models, where
those of the computational models showedmuchwider and/ormultimodal
distributions (Fig. 3b, Supplementary Fig. 4b and Supplementary Table 6).
These differences amongst other factors, most likely reflect side-chain
flexibilities of in-solution computational models compared to those of the
crystal structures. They could largely be explained by the χ1 of N219 values,
which underlie the disruption of an underlying H-bond network of a loop
that carries E220A and is involved in water intake. This broader dihedral

angle distribution difference between the two complexes (around 80°)
points to a more de-localised electronic density of N219 in the mutant
complex, reflecting increased loop flexibility, which could upsurge the
overall entropy of water molecules near the water-intaking loop and miti-
gate the correct E220A disposition, while forming the stable watermolecule
networks.

Differences between water molecule networks in the unliganded
E220A andWT structures and theirmechanism-based inhibitor complexes
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warranted explorations by classicalMD (cMD) simulations. Thesemethods
are powerful tools for studying the mechanisms of chemical reactions in
complex environments. cMD simulations are considered the “gold stan-
dard” when using explicit water molecules29. The rationale for using cMD
simulations is justified by a large inhomogeneity of water density, polarity
and mobility, which is problematic to assess experimentally5,39,48,49. Water
behaviour has also been studied by knowledge-based predictions, umbrella
sampling and coarse-grained models, which are versatile as they sample
configurations of water molecules and correlate thermodynamic properties
of binding sites40. To gain insights into the dynamics of water molecule
networks and catalytic pocket hydration sites contributing to long-range
protein interactions, we defined how water molecules form hydration sites
in complex networks and how designated water molecules function as
nucleophiles during catalysis (Figs. 2–5, Supplementary Figs. 3–6, Supple-
mentary Tables 5–7 and SupplementaryMethods). These definitions could
explain howwater becomes a driving force for hydrolytic efficiency andhow
certain residues directwatermolecules to target locations.More broadly, the
quantification of thermodynamic contributions of a water solvent could
impact the design of inhibitors of carbohydrate-processing enzymes44.

Our computational models of covalent complexes contained the
L5 substrate bound in the+1 and+2 subsites and facing bulk solvent, and
the covalent D285-Glc adduct located in the−1 subsite18,36,37—hence, these
reactants represented catalytic intermediates during a hydrolytic reaction.
Through cMDsimulations, we established the differences inwatermolecule
network distributions and frequencies and how water molecule trajectories
diverge in active site pockets. Their additional explorations of densities and
movements, illustrated through molecular animation and based on
DynaWatProt30 using the WT and E220A crystal structures (in-complex
with Glc and 2F-DNPGlc) revealed profound contrasts in global water
dynamics and density (Supplementary Movies 1, 2). Similarly, through the
data obtained with physics-based WaterKit29 (Fig. 5b and Supplementary
Fig. 7), we observed that water molecules in the E220A mutant were
absorbed in lower numbers and were distributed deeper in the pocket in
chaotic and disorganisedmanners. Higher configuration numbers of water
molecules, adopted in the E220A active site, were reflected in higher entropy
of water clusters. The changes in global dynamics and density of water
molecule networks in both enzyme forms mirrored the availability of
optimally positioned catalytic water molecules (Fig. 5d), which could
explain 10- to 30-fold reduced catalytic efficiency by a mutant form. We
concluded that the WaterKit predictions agreed with RDF parameters and
frequency histograms of water molecule dispositions and predictions of
dynamics of water molecule networks. Additionally, the cMD analyses of
water molecule dispositions in the WT and E220A computational models
matched those in crystal structures, whereby the dispositions of catalytic
residues alignedwith predictedwatermolecule networks (Figs. 1, 4c, 5a). To
this end, additional analysis of water networks could include calculating
their residence time. Here, the survival time of water molecules (or their
average residence time) could be estimated from cMD data by obtaining a
survival probability curve along the trajectory14. Such analysis was used to
rationalise the inversionof a transglycosylation/hydrolysis (T/H) ratio of the
engineered agarose AgaD carrying two mutations distant from the active
site14.Nomispositioningof catalyticwatersnor changes in the conformation
of a catalytic acid/base were identified that could explain the hydrolytic rate
decrease.However, the purge timeof thewater channel (or residence timeof
a givenwatermolecules cluster in a channel at a specific time to leave it) was
much lower for the mutant than forWT. This agreed with a hydrolytic rate
reduction, while the transglycosylation activity was almost unaffected.
Althoughwedid not perform this analysis, a similar effectmay contribute to
the reduced hydrolytic activity in the E220A mutant. These T/H relation-
ships could be investigated in future work.

Substantial effort has been made to understand protein interactions.
Conversely, little attention is directed to the principles of how they evolved.
Evolution is a natural process through which we explore how it shapes
structural determinants andmolecularmechanisms of extant proteins. This
knowledge could be used to improve catalytic function under rational

“selection pressure” to engineer re-designed proteins. It is thought that
ancestral sequences, defined through ASR, are more promiscuous than
extant ones. Consequently, the enzyme-substrate specificity may have
evolved through gene duplications or modifications, providing new
utilities50,51. These could arise from an ancestor protein with a different
function (neo-functionalisation)52 or through the specialisation of a pro-
miscuous ancestor (sub-functionalisation)53. In this sense, a vertical ASR
comparative approach to analyse extant sequences, rather than a horizontal
one, could distinguishwhich changes yield functional optimisation of a pre-
existing activity or strict partitioning among paralogs51,54.

A deeper understanding of the significance of ancestral sequences and
evolutionarily conserved motifs in hydrolytic enzymes is needed, which
explains the importance of active site residues, partaking in the coordination
of water molecules during catalysis. To build evolutionary history in GH3
enzymes and to reconstruct ancestral sequences, generate rooted phyloge-
netic trees, and infer evolutionary conserved motifs with probable evolu-
tionary relationships, we employed FireProtASR26,27 (Fig. 6, Supplementary
Figs. 8, 9 and Supplementary Data 1–3). The emphasis was on the evolu-
tionary conservation of E491 acid/base and the N219-E220-N221 (NEN)
water-coordinating signature. Here, we observed that monocot and dicot
plant entries, which carried the D285 and E491 catalysts and the N219-
E220-K260 signature, were separated from bacterial clades. This analysis
also identified node 196, as the most plausible ancestral node for plant
entries—it would be inspirational to evaluate the structural traits of this
node. We also observed that the NEN signature occurred in HvExoI, while
NED or NEG signatures featured in other monocots (Triticum turgidum
and Hordeum vulgare) or dicots (Medicago truncatula)—this observation
indicated that the residue following E220 could vary, nonetheless, E220 was
absolutely conserved. Notably, the K260 and M261 residues (KM motif),
where K260 also participates in a water molecule network (Fig. 1), were
conserved to respective 100% and 85% in monocot or dicot clades (Sup-
plementary Figs. 8 and 9). We unexpectedly noted the KL signature instead
of KM (Supplementary Fig. 8) in Nymphaea colorata (XP_031484720.1),
which carries monocot and dicot traits. The extant Charophyte green alga
Klebsormidium nitens (GAQ91658.1) unusually harboured a nearly iden-
tical catalytic signature as HvExoI (except DEG instead of NEN), signifying
that residues around E220 could diversify from this point onwards (Sup-
plementary Fig. 9). These data pointed to the evolution of unique conserved
motifs controlling catalytic water organisation in GH3 exo-hydrolases.

We conclude that water molecules as one of the key reactants play a
fundamental role in protein function, as they underline the properties of
enzyme-substrate complexes and are essential for driving chemical reac-
tions. We suggest that the water molecule-protein interactions harmonise
solvent properties and control the entropy of water molecule networks that
energise catalysis. Exploring these relationships in carbohydrate-active
enzymes, such as HvExoI, is essential for understanding a global carbon
cycle, which forms the basis of a multibillion-dollar biotechnological
industry. In our view, the findings regarding water molecule networks and
catalytic pocket hydration sites are central to a rational design of interrelated
biotechnological applications and offer values beyond enzymology. These
findings could provide a blueprint for the mechanism and dynamics of
catalysis facilitated by hydrolytic enzymes, which may inspire future efforts
to create a sustainable bio-economy through bioengineering.

Methods
Preparationof theHvExoIE220Amutant, proteinexpression, and
purification
Weused thepPICZαBNH8vector containinganoptimisedcDNAfragment
encoding mature HvExoI as a template, to prepare the E220A mutant by
singly replacing glutamate (E220) for alanine (E220A). Mutagenesis was
performed with primers (Supplementary Table 1) and the QuikChange®
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA).TheDNAconstructwith theE220Amutationwas transformed in the
Pichia pastoris (Komagataella phaffii)Yeast Strain SMD1168H (Invitrogen,
Carlsbad, CA, USA) to express and purify the recombinant protein via
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Immobilised Metal Affinity Chromatography21,22,55,56 using the TALON
metal affinity resin (Takara Bio, San Jose, CA, USA).

Enzyme stability, substrate specificity, kinetic analyses, and
inhibition
Activities of theWTandE220A forms, dependent onpH(McIlvaine buffers
in the pH range of 3.5–8.5 at 30 °C) and temperature (100mM sodium
acetate buffer, pH 5.25, temperature range 0–80 °C, 15min incubations)
were determined using 0.2% (w/v) 4NP-Glc. Relative rates of hydrolysis of
β-linked poly-, oligosaccharides, and aryl-glucosides were measured using
45–50 pmoles of near-homogenous enzymes per reaction mixture.
Apparent first-order rate parameters (KM and kcat) were determined with
(1,3;1,6)-β-D-glucan (laminarin), barley (1,4;1,3)-β-D-glucan, laminaribiose,
cellobiose, and 4NP-Glc at 0.3–3 timesKMvalue substrate concentrations in
duplicate. Apparent inhibition constants of enzyme-inhibitor complexes
(Ki) using4NP-Glcweredeterminedat six concentrationswithG6SG-OMe,
glucono-δ-lactone and 2F-DNPGlc at 0.3–2 times Ki values in duplicate22.
Kinetic parameters were calculated from data based on analyses of
Michaelis-Menten plots with Grafit 7.0.357 and processed by a proportional
weighted fit, using nonlinear regression58. Relative rates of hydrolysis, and
kinetic and inhibition data were rounded to one or two decimal points.
Standard errors of measurements (n = 2–6) were calculated in
Microsoft Excel.

Protein crystallisation and inhibitor perfusion
WTandmutantHvExoIwere crystallised bymacro- and cross-seedingwith
nativeHvExoImicrocrystals59. Briefly, crystallisationwas carried out at 4 °C
in handing drops consisting of proteins and a precipitant solution A
(100mMHEPES-NaOHbuffer, pH7.0 containing 2.3% (w/v) polyethylene
glycol 400 and 1.6M ammonium sulfate). Drops were placed on siliconised
glass coverslips, supplemented with several native microcrystals of about
one μm length in the longest dimension and the E220A protein. Crystals of
E220A grew within 7–24 days at 4 °C to 100–400 µm sizes in the longest
dimension. Glc and 2F-DNPGlc were perfused at saturating concentrations
dissolved in solutionA for 5–60min, cryo-protectedwith 15% (v/v) glycerol
in solution A and mounted on a goniometer.

Crystal structure determination
The X-ray diffraction data were collected on the MX1 beamline of the
Australian Synchrotron at 100 K (Oxford Instruments, UK) with a colli-
mating mirror, double-crystal Si(111) monochromator 03BM1 dipole/
bending magnet, and ADSC Quantum 210r Detector, as described21,22. All
data were collected at 0.5° to 1° oscillations throughout 180–720°. Data were
processed with the DENZO/SCALEPACK HKL 200060. Autoindexing
determined that space groups of crystals were consistent with a tetragonal
space group P43212. Structures were refined using REFMAC561 and
Phenix62 using the HvExoI structures (PDB accessions 1EX1, 1IEQ, 1IEV,
1IEW, and 1J8V) as starting models after removing ligands, ions, glycerol,
and water molecules19,20,38. The iterative model building using REFMAC561,
MIFIT63, and Coot64 traced residues in electron density maps. Following
convergence, approximately 2% improvements in Rwork/Rfree factor ratios
were achieved by refining domain 1 (residues 1–357) and domain 2 (resi-
dues 374–559) as independent anisotropic domains with translation-
libration-screwmotion65. The positions of inhibitors were defined in active
sites at 3σ levels inm|Fo | -|Fc| electron densitymaps (m is thefigure ofmerit
and D is an estimated coordinate error), and water molecules were located
automatically with CCP4 ARP at levels higher than 2σ levels. Water
molecules were assigned with satisfied H-bond criteria and if 2m|Fo | -
D | Fc| maps were confirmed after refinement. During model building and
refinement, 5% of the data were flagged for cross-validation using Rfree
statistics66,67. PROCHECK68 was used to check stereo-chemical parameters,
where Ramachandran plots indicated that 99.8% residues were found in the
most favourable, additionally allowed, andgenerously allowedregionsof the
plot, with a well-defined density map for Ile432, which was the only residue
located in a disallowed region. Structural images for stereoscopic convergent

and other viewing were prepared in PyMOL Molecular Graphics System
v2.3.3 (Schrödinger LLC, Portland, OR, USA). The 2m|Fo | -D | Fc| maps
were calculated using Phenix62 with mtz and pdb files after the refinements
and contoured at 1σ levels. The omit electron density maps of E220A in-
complex with Glc and 2F-DNPGlc were calculated with REFMAC561 after
removing Glc and 2F-Glc, respectively, from the −1 and +1 subsites.

Classical molecular dynamics (cMD) simulations of the (1,3)-
linked β-D-glucoside laminarihexaose (L6) hydrolysis products
Computational models were built for the WT and E220A mutant forms
containing (1,3)-linked β-D-glucoside laminaripentaose (L5), originating
from L6 in the +1 and +2 subsites and the Glc-D285 adduct in the
−1 subsite, based on the crystal structures of WT (in-complex with Glc;
PDB 3WLH; 1.65 Å) and E220A (in-complex with 2F-DNPGlc; PDB 8HJ8;
1.85 Å) enzyme forms. Starting computational models were prepared using
USFC (University of California San Francisco, USA) Chimera69, where ion,
water, glycerol (Gol), and polyethylene molecules in crystal structures were
removed, and proteins were protonated at pH 7 with E491 catalytic acid/
base in a neutral form38. The L5 substrate was generated using the carbo-
hydrate builder GLYCAM (http://glycam.org/cb/legacy). To ensure that
starting models contained the non-reducing end of L5 occupying the +1
and+2 subsites, L5was spatiallymatched to substrates present in the crystal
structures of the WT and E220A, applying a match command using USFC
Chimera. The same protocol was followed to ensure the correct spatial
arrangement of the non-standard covalent Glc-D285 adduct. System sol-
vation, coordinate, and topology file acquisitions for standard protein
residues and ligands (prmtop and inpcrd files) were performed in tleap of
theAMBERTools21 suite of Amber2170. All systemswere solvated in TIP3P
water molecules and neutralised with Na+ ions, using a cubic box, with
standard periodic boundary conditions set. The systems were parametrised
using the Amber ff99SB-ILDN force fields for proteins71, carbohydrates72,
and TIP3P water molecules73. The parametrisation of the covalent non-
standardGlc-D285 adductwas performedwithGAFF74, and atomic charges
were obtained using initial geometry optimisation followed by the calcula-
tion of restrained electrostatic potential (RESP) charges with Gaussian1675.
In addition, the AmberTools2176 package antechamber was used to process
RESPcharges andobtain thefiles requiredby tleap to generate thefinal set of
topological parameters. Simulations were carried out in AMBER 2276 with
CUDA acceleration. The cMD simulation protocol consisted of (1) initial
minimisation (105 steps); (2) heating (100 ps, with protein backbones
restrained); (3) NVT equilibration (100 ps, with restrained backbones); (4)
NPT equilibration (500 ps, unrestrained); and (5)NPT production at 300 K
under the pressure of 1.0 atm. Each simulation was carried out with a time
step of 2 ps using the SHAKE algorithm77 to constrain bonds involving
hydrogens. A cutoff value of 14.0 Å was used for non-bonding interactions
and the Particle Mesh Ewald method for long-range electrostatics78. Pro-
duction simulations were run for 1000 ns (1 μs) in all cases with three
replicates of each system, amounting to a total of six simulations. The
H-bond fractional occupancyheat term(averageof three replicates) refers to
the frequency of H-bonds, based on the analyses of solute or solvent
H-bonds incidences over total frames of a given cMD simulation—e.g. the
value 1.54 for N219 in WT stems from the contributions of the side-chain
Oδ1 and Nδ2 atoms by adding 1.14 and 0.4, respectively (cf. Fig. 2c). The
cluster entropy analyses of replicates, unrelated to thermodynamic entropy,
were conducted as described in Supplementary Methods.

Thermodynamics profiling of catalytic pocket hydration sites
using WaterKit
Predictions of dispositions of water molecules and hydration densities were
performed using WaterKit29 using WT (PDB 3WLH) and E220A (PDB
8HJ7) crystal structures in-complex with Glc. The resulting pdb files were
transformed into pdbqt files by modules AmberTools2170 (included in
WaterKit), followedby the sampling ofwatermolecule dispositionswith the
script run_waterkit.py. After individual trajectories were generated, the
calculations based on the grid inhomogeneous solvation theory (GIST)79
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were implemented using cpptraj80, where catalytic pocket hydration sites
were identified iteratively using oxygen density maps resulting from GIST
calculations and applying python scripts29.

Catalytic pocket water molecule network density profiling using
DynaWatProt
Analyses and density profiling in computational models of the WT and
E220A covalent complexes were performed using the Python package
DynaWatProt (Benoît: Getwatchan), based on explicit MD simulations.
DynaWatProt includes scripts and programmes to isolate and analyse the
dynamics andpositions of putativewatermolecule networksburiedwithin a
protein structure. For each system and individual replicate, trajectories with
implicit water molecules were aligned onto an initial frame and saved in
several pdb files with a step corresponding to a time step of 200 ps of
simulation time. The analysis was run with a cutoff of 2.5 Å and putative
water molecule networks were acquired as an ensemble of individual water
clusters present during MD simulations. DynaWatProt structural profiles
were visualised in PyMOL.

Ancestral sequence reconstruction (ASR) and phylogeny of the
glycoside hydrolase family-3 (GH3)
The ASR analysis proceeded using FireProtASR26,27 in two steps using the
default parameters for evolutionary models and bootstrap selection. We
used the HvExoI sequence as an input. We also specified as essentials D285
and E491 (HvExoI numbering) to search for homologous sequences at 20-
90% sequence identity to HvExoI to identify ancestral sequences of GH3
entries (Fig. 6, Supplementary Fig. 8 and Supplementary Data 1–3), and at
30-90% sequence identity toHvExoI to identify ancestral sequences in plant
GH3entries (SupplementaryFig. 9 andSupplementaryData1–3).This step,
after homology search and sequence filtering, aggregated a dataset of 233
bacterial, metagenome and plant sequences to identify GH3 ancestral
sequences, and 130 sequences to identify plant GH3 ancestral sequences.
This dataset, from which we removed incomplete sequences and entries
containing variable catalytic residues, was used for the identification of
ancestral sequences and the building of phylogenetic trees. Trees were
visualised in FigTree v1.4.381 with individual sequences annotated by the
National Centre for Biotechnology Information (NCBI) accession numbers
and in selected instances by the species of origin. Trees were drawn to scale,
with branch lengths specified in the same units as those of evolutionary
distances, which were used to infer these trees. Evolutionary distances were
computed using the p-distance method and are expressed in units of a
residue number difference per site. The PROMALS3D multiple sequence
alignments82were generated in selected cases to visualise catalytic andwater-
coordinating residues.

Statistics and reproducibility
Enzyme stability, substrate specificity, kinetic analyses, and inhibition, based
on two to three independent replicates, are given as mean values in one to
three significant digits with standard error of measurements. Protein crys-
tallisation and inhibitor perfusion experiments were performed more than
three times. cMDsimulationdata, basedon three replicates, are expressed in
one or two significant digits as mean values with standard error of mea-
surements. Dihedral angles of N219 and E491, based on the average of
15,000 frames of three replicates, are given as mean values with standard
error of measurements. Averages for χ2, χ3 of E491, and χ1, χ2 of N219 are
expressed as squared values to account for dihedral angle distributions with
standard error of measurements. ASR and phylogeny analyses of GH3
entries were performed twice. The method section and supplementary files
contain comprehensive information regarding the experimental particulars
and the data used.

Data availability
Atomic coordinates and structure factors of HvExoI in the apo (unli-
ganded)-formand in-complexwithD-glucose, and2F-Glcweredeposited in
the Protein Data Bank (www.wwpdb.org) under the accession codes 8HJ6,

8HJ7, and 8HJ8, respectively. Primary data from molecular dynamics
simulations are stored in the RDRCORA repository (https://cora.csuc.cat/)
under https://doi.org/10.34810/data2160. Supplementary Movies 1, 2 are
available in the Figshare repository under 28367753. Supplementary
Data 1–5 are provided with this paper.

Code availability
Software applications described in “Methods” with associated references
were used without code modifications. For analyses of geometrical para-
meters for water molecule network dynamics and profiling, and cluster
entropy analysis, we used in-house scripts available from the Zenodo
repository83.
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