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Abstract: Glycoside hydrolases (GH) bind tightly to the sugar moiety at the glycosidic bond be-
ing hydrolyzed to stabilize its transition state conformation. We endeavored to assess the impor-
tance of glucose-binding residues in GH family 116 (GH116) (3-glucosidases, which include human
-glucosylceramidase 2 (GBA2), by mutagenesis followed by kinetic characterization, X-ray crystal-
lography, and ONIOM calculations on Thermoanaerobacterium xylanolyticum TxGH116, the structural
model for GH116 enzymes. Mutations of residues that bind at the glucose C30H and C4OH caused
27-196-fold increases in Ky for p-nitrophenyl-f-D-glucoside, and significant decreases in the keat,
up to 5000-fold. At the C60H binding residues, mutations of E777 decreased the kcat /Ky by over
60,000-fold, while R786 mutants increased both the Ky (40-fold) and kcat (2—4-fold). The crystal
structures of R786A and R786K suggested a larger entrance to the active site could facilitate their
faster rates. ONIOM binding energy calculations identified D452, H507, E777, and R786, along with
the catalytic residues E441 and D593, as strong electrostatic contributors to glucose binding with
predicted interaction energies > 15 kcal mol 1, consistent with the effects of the D452, H507, E777
and R786 mutations on enzyme kinetics. The relative importance of GH116 active site residues
in substrate binding and catalysis identified in this work improves the prospects for the design of
inhibitors for GBA2 and the engineering of GH116 enzymes for hydrolytic and synthetic applications.

Keywords: 3-glucosidase; glucose-binding residues; mutagenesis; enzyme kinetics; X-ray crystallography;
ONIOM

1. Introduction

Enzymes are particularly malleable catalysts due to their ability to change specific
functional groups and the catalytic environment by the genetic engineering of the amino
acid sequence. An enzyme’s catalytic reaction often occurs in a buried groove or pocket-like
active site, where the functional groups of the surrounding amino acid residues build a
unique environment that promotes the highly specific and efficient catalysis of reactions.
In the active site and the surrounding region outside this site, a relatively small number of
specific amino acid residues are involved in substrate binding, and few of these act directly
in the catalytic reaction [1]. The roles of amino acid residues during catalysis have been
delegated into seven basic classes—stabilization, steric roles, activation, proton shuttling,
hydrogen shuttling, electron shuttling residues, and covalent catalysis [2].
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B-Glucosidases (3-D-glucopyranoside glucohydrolases, E.C. 3.2.1.21) are enzymes that
release the nonreducing terminal 3-D-glucosyl residue from glucoconjugates, including
glucosides, 1-O-glucosyl esters, and oligosaccharides, by glycosidic bond hydrolysis [3].
-Glucosidases have been categorized into the protein sequence-based glycoside hydrolase
families GH1, GH2, GH3, GH5, GH16, GH30, GH39, and GH116 (http://www.cazy.org,
accessed on 14 February 2022) [4], and the structure and catalytic mechanism are gen-
erally conserved within each family. Their specificity toward different substrates varies,
depending on the enzyme and its biological function.

Hydrolysis of the glycosidic bond can occur with either inversion or retention of
the anomeric configuration, and this property is generally conserved within one enzyme
family [5,6]. Most characterized (3-glucosidases catalyze hydrolysis via a two-step retaining
mechanism, in which the first step entails the departure of the aglycone and the formation
of a covalent intermediate with the enzymatic nucleophile residue, while the second step is
a reversal of this process, with water serving as the enzyme-displacing nucleophile [7-9].
A catalytic acid /base residue serves as an acid to protonate the glycosidic oxygen as the
aglycone departs in the enzyme glycosylation step and as a base to extract a proton from
water in the enzyme deglycosylation step. In each step, the glucose is thought to pass
through an oxocarbenium cation at or near the transition state, which requires distortion to
a conformation that allows sp? hybridization at C1 and O5, typically a *Hj half-chair or
closely related *E envelope in -glucosidases [10]. In most -glucosidases, the formation of
the transition state shape appears to be primed by the distortion of the pyranose ring to a
1S3 conformation. This induced fit of the substrate implies that the surrounding residues,
which generally form tight hydrogen bonds with the hydroxyl groups and aromatic-sugar
stacking interactions with the ring hydrogens of the 3-D-glucopyranose, are essential to
the transition state formation in catalysis, rather than simply serving to bind the substrate.
It has been noted that the electrostatic stabilization of the oxocarbenium ion-like transition
state by nearby residues also contributes to catalysis [11,12]. Indeed, some previous
studies have shown that the contributions of enzyme active-site residues not directly
involved in bond making and breaking could be as essential to the enzyme’s function as
catalytic residues [13-16]. Nonetheless, systematic kinetic analysis of the contributions of
the active-site residues of 3-glucosidases is rarely carried out, due to the low activities of
such mutants [17,18].

The enzyme used in this work, Thermoanaerobacterium xylanolyticum GH116 (TxGH116),
is a thermostable 3-glucosidase which consists of an N-terminal domain formed by a two-
sheet 3-sandwich and a C-terminal (&t/ )¢ solenoid domain containing the slot-like active
site [17]. As the first family GH116 enzyme to have its X-ray crystal structure determined,
TxGH116 has helped to elucidate the molecular basis of pathogenic mutations in the
human GH116 member, GBA2 glucosylceramidase, that lead to hereditary ataxias and
paraplegias [19,20]. Aside from its mutations resulting in these rare genetic disorders,
the over- and under-production of GBA2 have been shown to affect cellular sphingolipid
balance [21-23] and the depletion of GBA2 has also been shown to ameliorate some of the
effects of loss of lysosomal glucosylcerebrosidase (GBA) activity, suggesting the inhibitors
of GBA2 may have therapeutic applications [24-26]. High-resolution crystal structures of
TxGH116 in complex with glucose and inhibitors allow for the identification of the active-
site residues involved in substrate binding and catalysis, which are completely conserved
with human GBAZ2 [17,27-29]. Aside from its role as a model structure for human GBA2,
mutants of the TxGH116 enzyme have been used to efficiently generate glucosylazides for
the production of «- and p-glucosidase inhibitors, which have potential applications in
treating human diseases [30,31].

Our previous work verified that TxGH116 utilizes a retaining mechanism by identify-
ing the initial hydrolysis product as $-D-glucose by monitoring the reaction time course
by NMR spectroscopy [17]. The identities of E441 as the catalytic nucleophile and D593 as
the catalytic acid /base were proven by the mutation of these residues to alanine, followed
by chemical rescue using small nucleophiles. TxGH116 is thought to catalyze hydrolysis
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via the usual -glucosidase conformational itinerary from 4C; to 1S5 to *Hj to #Cy in the
glycosylation step, but no distortion of the pyranose ring has been observed for glucose and
glucose-like inhibitors in the active site complexes. Glucoimidazole binds in the transition
state-like *H3 conformation, but this is the low energy conformation for this inhibitor, so it
does not provide strong evidence for distortion toward this transition state conformation
during catalysis [17,32]. The yet-to-be-verified transition state and the unusual orientation
of the catalytic acid /base compared to 3-glucosidases from other families make the roles of
GH116 active-site residues particularly worthy of investigation.

Although the TxGH116 catalytic acid /base and nucleophile residues were analyzed [17],
the importance and roles of other residues within the TxGH116 and GH116 family active-
site pocket remain to be clarified. In this work, we systematically mutated amino acids
that form the remainder of the active-site residues interacting with the glucose ligand
characterized the kinetics of the mutants to quantify the contribution of each side chain
toward the catalytic efficiency of TxGH116. We solved the structures of mutations that
increased the turnover number of the reaction (kcat) to show the influence of active-site
remodeling. Moreover, the theoretical energy contributions of the individual residues to
glucose binding and the energetic effects of their mutations were calculated to further
elucidate their roles. The insight into the relative importance of active site residues in
substrate and catalysis facilitates the modification of TxGH116 (3-glucosidase for improved
application, the design of human GBAZ2 inhibitors, and a better understanding of human
disorders caused by mutations in GBA2.

2. Results
2.1. Analysis of Glucose-Binding Residues

Glycone-binding residues were identified in the complex of TxGH116 wild type with
glucose (PDB: 5BX5) [17], and show high conservation in GH116 family enzymes from different
species in Figure 1a,b. The polar interactions between these residues and glucose include H507
with C30H, D452 with C30H and C40H, T591 with C40H, and E777 and R786 with C60OH.
In addition, E730 interacts with R786 and W732, which makes a hydrophobic interaction
with C6 in Figures 1la and S1. The catalytic nucleophile, E441, also makes a hydrogen bond
with the glucose C20H, but this is difficult to separate from its catalytic function, and the
mutation of this residue was previously studied [17,33]. We systematically mutated for the
glucose-binding residues mentioned above and characterized the kinetics of the mutants to
elucidate their relative importance and specific roles.

(a) (b)

)28:§V>

T vass
27,28
O Waler

Figure 1. TxGH116 glucose-binding residues. (a) Binding sites of TxGH116 wild type structural
model with glucose ligand. The ligands and protein side chains from wild type TxGH116 bound
to glucose (PDB: 5BX5) [17] are shown in a ball-and-stick representation, with the ligand bonds
colored in purple and protein bonds in brown. Hydrogen bonds are shown as green dotted lines,
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while the spoked arcs represent protein residues making nonbonded contacts with the ligand. Water
molecules located in the active site are shown as cyan circles. The 2D ligand—protein interaction
diagram was made by LigPlot+ [34]. (b) Sequence logo of 34 diverse sequences that are from the
GH116 family in different species. The conserved regions around the active site are highlighted,
glycone sugar-binding residues’ positions in the sequence are shown in bold, and catalytic residues
are labeled in red bold print. Amino acid conservation analysis was performed to assess the conserved
residues in GH116 enzyme family members.

2.2. Effects of Glucose-Binding Residue Mutations on the Activity of TxGH116

Previously, mutations of D508, which interacts with H507, were shown to cause drastic
decreases in TxGH116 activity [17]. The H507A, H507E, and H507Q mutants had similar
pH optima at pH 5.0, slightly lower than the wild type at pH 5.5 (Figure 2a), and all showed
lower temperature optima, as shown in Figure 2b, suggesting the lower stability of the
enzyme or enzyme-substrate complex. The H507 mutations increased the Ky value by 58 to
196-fold compared to the wild type, as seen in Figure 3. While H507A and H507Q decreased
the ket value by less than 10- and 3-fold, H507E decreased the ket by over 4000-fold and
the keat /Ky value by over 200,000-fold, indicating that the negative charge at this residue
is not tolerated.

The interactions of D452 with the glucose C30H and C4OH are important for catalysis
since both D452 mutations, D452A and D452N, greatly decreased activity. The D452A and
D452N mutations led to 170- and 70-fold increases in the Ky values, respectively, and they
decreased the kc,t values by more than 340-fold and 5000-fold, which led to reductions
in the ket /Ky values of more than 56,000- and 352,000-fold (Figure 3). These results are
consistent with the much weaker binding of the sugar of the substrate and transition state
expected based on this residue’s interaction with the glucose C30H and C4OH (Figures 1la
and S1).

In the complex structure, R792 appeared to have hydrogen bond interactions with
the Glc C40H and its neighboring E777 residue (Figures 1a and S1). The R792 residue
mutations R792A and R792K had little effect on the pH dependence, as they had broad
working pH profiles and pH optima comparable to the wild type (Figure 2a). The R792A
and R792K mutants showed similar Ky values that were >25 times higher than the wild
type and very low ke, values 5000- and 780-fold lower than the wild type, respectively
(Figure 3).

T591 is on the flexible loop containing the catalytic acid /base D593 and forms hydro-
gen bonds with the Glc C40OH via its backbone carbonyl and sidechain hydroxyl group,
which also interacts with D452, as seen in Figures 1a and S1. The T591A mutation elim-
inated the sidechain interactions, resulting in a 70-fold increase in the Ky and a 10-fold
reduction in the kc,¢ value compared to the wild type (Figure 3). At its optimum pH of 4.0,
T591A (Figure 2a) had significantly higher activity than at pH 5.5, the pH optimum of the
wild type enzyme.

W732 appears to form a CH—pi interaction with Glc C6H2 (Figure S1). Although it
does not form a hydrogen bond to the sugar, its indole NH group could form one with
E730 (Figure S1). The W732F variant had a nearly 3-fold higher Ky as well as a 1.5-fold
increase in the keat value compared to the wild type TxGH116 (Figure 3).

E777 forms a hydrogen bond to the Glc C60H and also interacts with R792 (Figure 1a).
Both E777A and E777Q showed very low activity compared to the wild type (Figure 3).
E777A exhibited a 170-fold increased Ky, while E777Q showed only a 40-fold increase
compared to the wild type. Both mutants showed very low efficiency, with a reduction
around 62,000-fold in the kc,t/ Ky value for E777A and 87,000-fold for E777Q. E777Q shifted
the optimum pH to pH 3.5, as shown in Figure 2a. This suggests that the charge on E777
influenced the pH optimum and was important for catalysis, along with its hydrogen
bonding to the C60OH group, which could be maintained in E777Q.
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Figure 2. Optimal pH (a) and temperature (b) analysis of mutants and wild type (WT) TxGH116.
All assays were carried out in triplicate. The 3-D stacked graph was made by Origin 8.0 with Bézier
curves. C3, C4, C6, and C3 + C4 represent the glucose carbons carrying hydroxyls interacting with
the side chains of the amino acid residues that were mutated.
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Protein Ky(mM) kear(s) kead Ky (mM's™)

WT 0.170+0.014 41.31+0.63 243

D452A 283+1.3 0.120£0.0021 0.0043
D452N 11.7£0.70 0.00810+0.00010 0.00069
H507A 23.0+0.71 4.72+0.051 0.21
HS07E 9.93+0.62 0.0100£0.00020 0.0010
H507Q 33.3+43 12.24+0.63 0.37
TS91A 12.6+0.45 3.63+0.037 0.29

E730A 3.79£0.25 80.8+1.4 21.3

E730Q 7.21+0.49 55.6+1.1

W732F 0.4701+0.010 62.3+0.39 133
E777A 29.9+0.63 0.120%0.0010 0.0039
E777Q 6.97+0.22 0.0200£0.00020 0.0028
R786A 7.89£0.57 21.7
R786K 7.30+0.71 88.9+2.7 12.2

R792A 4.53+0.38 0.00820+0.00010 0.0018

R792K 5.32+0.44 0.0530+0.0013 0.0099

Decrease in kinetic value [ Increase in kinetic value

>1000 300-1000 100-300 20-100 . 20-50 50-100 100-300
Neutral

fold fold fold fold fold fold

Figure 3. Kinetic constants of the TxGH116 wild type (WT) enzyme and mutants with pNPGIc substrate.
The heat map represents the fold changes in the apparent kcat, Ky, and kear /Ky values of each mutant
relative to the WT enzyme. Red represents different fold increases and blue represents different fold
decreases (from light to dark). Values in white boxes are within a factor of 3 of those for WT.

R786 forms two hydrogen bonds to the Glc C60H in the —1 subsite and one to the
phenolic OH of Y445, in addition to one to E730 (Figures 1a and S1). The R786A mutation
eliminated the hydrogen bonds, while R786K diminished the number possible. Both
mutants displayed lower temperature optima (Figure 2b), suggesting lower thermostability,
especially R786A. These mutants have broad pH profiles, like the wild type, but their
pH optimum shifted to pH 4.5 (Figure 2a). Their Ky values were 43-46-fold higher than
the wild type, but R786A had a 4-fold and R786K a 2-fold higher k.t value compared to
the wild type (Figure 3). At its pH optimum of 4.5, R786K also had a lower kcat (144 s71)
compared to the R786A (171 ) Figures 3 and 54).

E730 interacts with both the W732 and R786 residues, which in turn make direct
interactions with the glucose molecule (Figures 1a and S1). Our E730A and E730Q mutants
had their temperature optima decrease 5 degrees compared to the wild type and also lower
pH optima at pH 4.0 and 4.5, respectively (Figure 2). The E730A mutant should eliminate
interactions with W732 and R786, while the E730Q mutant should maintain hydrogen
bonding but lose the coulombic component of those interactions. Interestingly, the Ky
value for pNPGlc increased 20-fold, and its kcat value increased 2-fold in E730A compared to
the wild type, while in E730Q), the Kj; value increased 40-fold and the kc,t value increased
1.5-fold (Figure 3). Given the postulated ability of E730Q to maintain hydrogen bonds with
W?732 and/or R786, its higher Ky and lower ket compared to E730A were unexpected.

Because the R786 and E730 mutants were less severely impaired than other mutants,
they could be tested with the natural substrate cellobiose, which is less reactive than pNPGlc.
R786K had lower activity with cellobiose compared to R786A and wild type TxGH116
(Figure 4). R786K and R786A had similar Ky values for the hydrolysis of cellobiose, which
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were about 5-fold higher than the wild type, but the k..t of R786K was significantly lower
than those of the R786A mutant and wild type TxGH116. As such, the specificity constant
(kcat/ Knp) of R786K was nearly 2-fold lower than R786A and over 10-fold lower than the
wild type enzyme. Thus, the R786K mutation, which was expected to be milder, had a
greater defect than R786A. The E730 mutations’ effects on the Ky were similar to those
of the R786 mutants, with a 4-fold higher Ky; for E730A and a nearly 7-fold increase for
E730Q. However, these mutants had lower apparent k..t values than the wild type and
the R786 mutants, resulting in a 100-fold decrease in the specificity constant (kcat/Knp) for
E730A and a 20-fold decrease for E730Q. Thus, the effects of mutations of the E730 residue,
which indirectly acts in glucose binding, were stronger than those of mutation of the R786,
which directly binds to glucose.

R786A 40.8+1.1

R786K 25.7+0.41

Protein Ky(mM) keal(s™) kead Kng (mM s

WT 0.360+0.025 48.0+0.40 133

E730A 1.99+0.015

E730Q 14.9+0.24

W732F 0.700+0.036 61.940.60 88.4

Decrease in kinetic value

Figure 4. Kinetic constants of the TxGH116 wild type (WT) enzyme and mutants with cellobiose
substrate. The heat map represents the fold changes in each kcat, Kng, and keat / Ky mutant relative to
the WT enzyme. Red represents different fold increases, and blue represents different fold decreases
(from light to dark with increasing fold change).

2.3. Structural Investigation of R786 and E730 Mutants

In order to understand the effects of the TxGH116 R786 and E730 mutations, we
determined their structures in complexes with glucose. The E730A, R786A, and R786K
variant crystals were isomorphous with the original TxGH116 crystals in the P2;2,2 space
group with a single protein molecule in the asymmetric unit [17], while the E730Q variant
crystallized in the P2;2;2; space group with two protein molecules in the asymmetric
unit (Table S3). All had clear electron density for glucose molecules in the —1 subsite, as
shown in Figure 5a,c. The active sites of the R786 variants were compared to that of wild
type TxGH116 in Figure 5. In the crystal without ligand, instead of being in a position to
interact with the Glc C60OH, E730, or Y445, as in the wild type, the lysine side chain in
R786K was found to turn away, where it displaced the neighboring loop (Figure S10). In
the crystal soaked with glucose, about 40% of the density for K786 moved to a position
to interact with the Glc C60OH, while the remaining 60% turned away from the sugar
toward the outside of the active site, as in the crystal without glucose (Figure 5d,e). The
flexible loop in the entrance to the active site also showed a different rotation in the R786K
mutant that appeared to make room for the K786 side chain (see Figure 5c—e). The X-ray
crystallographic structures of TxGH116 R786A and R786K displayed an enlarged mouth to
the active site, as shown in Figures 5f~h and S9, which may have affected the substrate and
product movement in and out of the active site (Figure S3). In the E730A mutant structure,
the other active site residues and glucose ligand were positioned very similarly to those
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in wild type TxGH116, while the E730Q variant had changes in the position of the R786
sidechain, which was rotated away from the Q730 residue, and the Y445 side chain also
moved, as seen in Figure 6. This change placed the R786 guanidinyl group too close to the
glucose C60H group, with a distance of 2.6 A in the E730Q mutant, and appeared to cause

the displacement of the Y445 side chain in the +1 subsite (Figures 6 and S10).

(a) Dt q:o (b) Dﬁ T)
-~ .r: A786 ‘ L T:"s

Y62 N g

Y445

Ea41

(d) D593 E730

Y445

R,A,K786

Figure 5. Active site comparison between TxGH116 R786A and R786K and the wild type (WT) with
glucose ligand. The glucose ligand weighted | Fo-Fc | electron density maps calculated with the

ligands omitted and contoured at 3¢ are shown in the active sites of the glucose complexes of R786A

(a) and R786K (c). Active site interactions with glucose and glycerol molecules are shown for R786A

(b) and R786K (d), in which, with two anomers, glucose ligands were found (alpha 80%, in grey and
beta 20%, in yellow). (e) Superposition of active site residues of WT (PDB: 5BX5, green [17]), R786A
(magenta), and R786K (orange). Slot-like active site entrance comparison between WT (f), R786A (g)

and R786K (h). R786A and R786K have an enlarged entrance space, with an extra glycerol molecule

in the place of the original arginine side chain. The potential hydrogen bonds between the glucose

(Glc) ligands (yellow sticks) and surrounding residues are displayed as black dashed lines. Glycerol

(GOL) molecules are shown as cyan sticks, and catalytic residues are labeled in red.
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E,A,Q730

D593 k.

Y445

E441

Figure 6. Structures of E730A (cyan) and E730Q (magenta) with glucose ligand. The glucose ligand
molecules are positioned similar to that in the wild type (green, PDB: 5BX5 [17]). One water molecule
that takes the position near that vacated by the R786 residue guanidinyl group in E730Q mutant is
shown as a magenta ball. Hydrogen bonds and close polar contacts are shown as dashed lines with
distances marked (green for wild type and magenta for E730Q).

2.4. Inhibition of pNPGlc Hydrolysis by Glucose and Cellobiose

To investigate whether the more open active site and weaker binding of glucose
would lead to lower product and substrate inhibition, we characterized the inhibition
by glucose and cellobiose. Both glucose and cellobiose displayed competitive inhibition
of TxGH116 hydrolysis of pNPGIc, as seen in Table 1 and Figures S6 and S7, with the
wild type and R786K appearing more sensitive than TxGH116 R786A. Cellobiose gives K;
values of 0.94 mM for the wild type, 17 mM for R786A, and 8.3 mM for R786K, which are
higher than their respective Ky values for cellobiose in Figure 4, especially for the mutants.
This behavior is more complex than simply acting as a competitive substrate and led us
to investigate the transglycosylation of cellobiose. Transglycosylation products of both
cellobiose and pNPGlc were observed during the reactions (see Figure S8).

Table 1. Glucose and cellobiose inhibition kinetics.

Protein Glucose K; (mM) Cellobiose K; (mM)
WT 451 0.94

R786A 6.5 16.9

R786K 34 8.3

E730A 19.0 N.D.2

E730Q 44 N.D.

1 Value from [17]. 2 N.D.—not determined.

2.5. Effect of R786 Mutations on Sugar Specificity

Since R786 interacts with the glucose C60OH group, we tested whether loss of this
interaction would affect the sugar specificity, especially for 3-D-glucopyranoside versus
-D-xylopyranoside, which lacks this hydroxymethyl group. We compared the activity of
the C60H-related mutants to the wild type on pNPGlc, pNP-3-D-xylopyranoside, pNP-
B-D-galactopyranoside, and pNP-[3-cellobioside. All the mutants had reduced activity
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on pNPGlc compared to the wild type, but with pNP-xylopyranoside, R786A and R786K
showed high hydrolysis activity compared to the wild type, as shown in Figure 7.

120+ B pNP-Glucoside
I Cellobiose
I pNP-Cellobioside

1004

Il pNP-Galactoside

B pNP-Xylopyranoside
804
604
404 I

i e |
25
20+
15+
*
10+
: *
[ .

0.10
0.084
0.064
0.04+
0.024
0.00+

Relative activity(%)

o

Figure 7. Relative activity on different substrates, pNP-f3-D-glucopyranoside, cellobiose, pNP-[3-
cellobioside, pNP-f3-D-galactopyranoside, and pNP-B-D-xylopyranoside. The assay contained 1 mM
substrate in 50 mM sodium acetate buffer, pH 5.5, at 60 °C. Relative activity is based on pNP released
from pNP-p-glycosides or glucose release from cellobiose. Data are expressed as means of three
independent reactions + SD. Stars represent one-way ANOVA significance at p < 0.05.

All mutants had very low activity on pNP-f-D-galactoside, which differed from the
glucose in the chirality of the C4OH group, consistent with R786 not interacting with this
group; however, it was previously noted that C6 sidechain binding is different between
-glucosidases and (-galactosidases [35]. Surprisingly, the R786A mutation increased
the rate of hydrolysis of pNP-[3-cellobioside, which was expected to be hydrolyzed in a
two-step process beginning with the removal of the nonreducing glucosyl residue, followed
by the release of the detected pNP from the remaining glucose.

2.6. Computational Analysis of Glucose-Binding Residues

To elucidate the mutation-induced effect on glucose-binding residues, particular
interaction analysis, which describes the contribution of each residue in the total binding
energy, was conducted for wild type and 10 mutant models (D452A, D452N, H507A, H507Q,
H507E, E777A, E777Q, R786A, R786H, R786K), based on the ONIOM method [36-38]. The
ONIOM-optimized structure of wild type TxGH116-glucose complex and the particular
interaction energy (IE) between glucose and the TxGH116 binding site for the wild type and
mutants are illustrated in Figures 8 and S11-514. The BE values of all complexes are plotted
in Figure S12, which are in the ranges of —94.8 to —131.7 kcal mol~! for the mutants and
—134.1 kcal mol ! for the wild type. This result clearly shows that all mutations decreased
the binding affinity of glucose to the TxGH116 active site, suggesting the important roles of
the TxGH116 binding residues.
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Figure 8. ONIOM2-optimized structure of wild type (WT) TxGH116-glucose complex (a) and change
in particular interaction energy (AIE) between glucose and six important residues for different
mutations (b). The residues analyzed were those with [IE| > 15 kcal mol ™! in Figure S13, and the
mutations analyzed were D452A, D452N, H507A, H507Q, H507E, E777A, E777Q, R786A, R786H,
and R786K) (b). Geometries were obtained at ONIOM2(B3LYP/6-31G(d,p):PM3) level of theory. All
energies in the bar plot for the mutants are relative to the IE values of WT (shown in parentheses
in (a) in kcal mol~1). The energies were calculated at the B3LYP/6-31G(d,p) level with BSSE-CP.
Negative and positive AIE values mean the particular residue stabilizes and destabilizes the glucose
binding, respectively. The hydrogen bonds are displayed as orange dash lines.

The particular interaction energies were calculated to identify the important residues
that contributed to the binding of glucose. They can also be used as a simple and qual-
itative indicator for understanding the mutation effect on the electronic structure and
protein-ligand interaction. The interaction energies for the individual residues of both
the wild type and mutants are shown in Figure S13. It was calculated that six residues,
E441 (nucleophile), D452, H507, D593 (acid/base), E777, and R786, are major (electro-
static) contributors for glucose binding to TxGH116, as evidenced by the large negative
IE values (IIE| > 15 kcal mol~1). Further protein-ligand analysis illustrated in Figure S11
also showed that the hydrogen bond and van der Waals interactions were the dominant
stabilization factors of the non-bonded interactions between the glucose ligand and the
TxGH116 active site.

The geometries of the wild type and the mutated residues (D452A, D452N, H507A,
H507Q, H507E, E777A, E777Q, R786 A, R786H, and R786K) and their relevant H-bond inter-
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actions with the C20H, C30H, C40H, or C60H of the glucose are visualized in Figures
515-518. Noticeably, the mutations caused significant changes in the binding energy contri-
bution, for which TxGH116 D452 and E777 mutations reduced the favorable contribution of
the residues E441, D593, E777, and R786, and increased the favorable contributions of D452
and H507 (Figures 8 and 513). Furthermore, the mutations also resulted in a reduction in the
total ONIOM binding energy compared to the wild type, as seen in Figure 512, with D452N,
E777Q, and R786K exhibiting a small effect (~2-7 kcal mol~!) compared to the alanine
mutations (~10-40 kcal mol~!). These relative binding energy changes were consistent
with the relative increases in the K); values and decreases in the k..t /Ky described above,
in most cases (Figure S14).

3. Discussion

In this work, we performed a systemic functional analysis of TxGH116 active-site
glycone sugar-binding residues in substrate binding and catalysis via mutational, kinetic,
structural, and quantum mechanical analysis. Due to the low activities of the mutations of
the sugar-binding residues, most studies have simply reported a lack of activity for such
mutants, but the activities were high enough to detect with elevated enzyme concentrations.
In each kinetic assessment, the substrate concentration was always greater than 40 times
that of the enzyme so that the formation of the enzyme-substrate (ES) complex would
not significantly deplete the substrate concentration. From enzyme-substrate kinetics and
structural analysis, we clarified the roles of each amino acid residue. In general, simple
binding interactions with the glycone of the substrate cannot fully explain the activity
changes in the mutation of the glucose-binding residues, and their interactions, charge
distribution, and the stabilization of the transition state appear to be more critical, based on
larger effects on the k¢t than the Ky.

H507A removed the imidazole ring, thereby eliminating the interaction with the 30OH
group, while in principle, H507Q and H507E could still interact. However, H507Q may
have also lost the interaction with the 30H and instead interacted with D508 since it
has similar kinetic parameters to H507A. The greater effect of H507E suggests that the
previously reported large effects of D508 mutants on TxGH116 catalysis [17] are likely due
to the stabilization of a positive charge on H507 rather than an inductive charge transfer to
produce a partial negative charge. This would balance the negative charge on D452, which
also hydrogen-bonds to the glucose C30H and the catalytic nucleophile, which bonds to
the neighboring C20H, as seen in Figures 1a and S1. The mutation of a corresponding
conserved histidine residue in the GH1 Sulfolobus solfataricus {3-glycosidase was found
to interact with changes in the C2 and C4 positions of glucose, in addition to hydrogen
bonding to the C30H, although with milder effects on activity [39].

The interactions at the Glc C4OH made small to moderate contributions to glucose
binding in the ONIOM calculations in Figure 8 but had relatively large effects on the
enzyme kinetics. The hydrogen bonds of R792 to the glucose C40H and E777 seen in
Figures 1a and S1 appear to be essential to transition-state binding, based on the large
decrease in the kot /Ky, The importance of guanidino group participation in hydrogen
bond interactions with substrate glucosyl hydroxyl groups was previously noted in a GH1
B-glucosidase [39]. T591 also interacts with the C4OH group via its main chain carbonyl
oxygen, and potentially through its side chain OH (see Figures 1a and S1). Although the
side chain hydroxyl group oxygen is 2.7 A from the D452 sidechain oxygen and 2.8 A from
Glc O4, ONIOM calculations suggested that it mainly interacts with D452 (Figure S15C).
The 74-fold increase in the Kyf in T591A implies this interaction is important in substrate
binding, and the 10-fold drop in the k¢, in T591A suggests this interaction may also help
stabilize the flexible loop containing the catalytic acid /base, D593, and/or the transition
state conformation.

It was reported that (3-glucosidases have one common phenomenon that the binding
interactions at the glucose C3 and C4 positions individually contribute 3-10 k] mol !
to each transition state, whereas contributions in the ground state are much weaker
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(<3 kJ mol~1) [40]. However, our calculations in Figure 8 and Table S3 show larger con-
tributions to the glucose binding of residues interacting at the C30H, and compared to the
structure with glucoimidazole (PDB: 5BX4 [17]), a putative transition-state mimic, showed no
hydrogen bond lengths differing by more than 0.1 A from those with glucose. Based on the
change in the kcat/ Ky, which is related to the binding energy of the glycosylation half-reaction
transition state [40], these mutations resulted in AAG = —RTIn[(kcat/ Knv)mut/ (kcat/ Knvi)wr] of
7.2 kcal mol~! for D452A and 4.7 keal mol ! for H507A.

The interactions with E777 and R786 held the glucose C6H,OH side chain in a
gauche,trans (gt) conformation with respect to the C5-O5 and C5-C4 bonds, which is un-
usual for 3-glucosidases, which usually bind in the gauche,gauche (gg) [35,41,42]. Although
a gg conformation provides more stabilization to 3-glucosidase reactions, this would place
the O6 very close to the catalytic acid/base due to its unusual position above the pyra-
nose ring. This would perturb the acid /base interaction with the glycosidic oxygen atom,
thereby explaining the C6H,OH side chain being held in the second-most stabilizing gt
conformation. The large decrease in the hydrolytic rate in E777 mutations suggests that
this positioning makes a strong contribution to catalysis, while the negative charge on E777
may also help stabilize the oxocarbenium ion transition state. In contrast, the mutation of
W732 to F did not change the turnover rate but led to an increased Ky value compared to
the wild type (see Figures 3 and 4), which suggests that the W732 CH-pi interaction with
C6 makes a small contribution to the substrate binding.

The elimination of R786 H bonds with the C60OH in the R786A and R786K mutations
resulted in higher Ky and kcat values for pNPGIc hydrolysis than the wild type, which are
seen in Figures 3 and 4. This is consistent with our previous work in which the TxGH116
R786H mutation (corresponding to a pathogenic human GBA2 mutation) [43] showed a
90-fold increase in the Ky; value, which led to a reduction in the kqt/ Ky of more than
20-fold [17]. For TxGH116 wild type and W732F, the turnover numbers for pPNPGlc and
cellobiose were nearly equivalent, suggesting that the deglycosylation step, which was
the same with both substrates, is largely rate limiting, since kcat = koks/ (ko + k4) is equal
to ks when ky >> ky (see Figure S3 for the kinetic scheme) [17]. This was not the case for
the E730A, E730Q, R786A, and R786K mutants, however, suggesting that the glycosylation
step becomes at least partially rate limiting for at least one of these substrates in these
variants. This is consistent with the downward shift in the pH optima of the E730 mutants
seen in Figure 2a since the protonation of the catalytic acid that is necessary for the initial
glycosylation step was decreased. Although the X-ray crystal structures of R786A and
R786K had a similar active-site structure to that of the wild type, the active-site entrance
or mouth was wider and the nucleophile residue, E441, was closer to the glycoside bond
(Figure 5¢,d), which may have also affected the relative rates of the glycosylation and
deglycosylation half-reactions.

Despite the loss of contacts, the glucose competitively inhibited R786A and R786K,
with K;j values similar to the wild type (Table 1). Both glucose and cellobiose provided
competitive inhibition of the hydrolysis pNPGlc substrate, as seen in Figures S6 and S7.
Remarkably, despite the loss of interactions at the C60H, the calculated losses in the
binding energy seen in Figure 8, Figures S12 and S13, and the 25-fold increase in the Ky
values for pNPGIc, the K; for glucose for the R786 mutants was similar to that of wild type
TxGH116. This suggests the R786 interactions actually contribute relatively little to glucose-
binding in its inhibitory mode, although they have a larger effect on the Ky of pNPGlc and
cellobiose, for which the contributions of R786 to the +1 subsite must be considered. This
may reflect a contribution of the x-anomer of glucose to inhibition, which could be easier in
the mutant with its wider entrance. Although the crystal structure shows the 3-anomer, this
structure is stabilized by glycerol from the cryosolution, which would not be present in the
catalytic reaction. However, the calculated binding energies of the C60OH-binding residues,
especially R786A, were relatively poorly correlated to the kinetic parameters relative to the
mutations at the residues binding other glucose hydroxyls (Figure S14), possibly reflecting
the greater potential entropy of this position and its strained binding orientation.
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Cellobiose also acted as a competitive substrate, but the K; was higher than the Ky
for cellobiose in all cases, especially for the mutant enzymes. This may have been due
to the cellobiose acting as a transglycosylation acceptor since a slight increase in the
oligosaccharides was observed in the mutant enzyme reactions compared to wild type
TxGH116 (Figure S8).

This R786A mutant also had high hydrolysis activity with pNP-xylopyranoside substrate,
which lacks the C60H group, reflecting the role of R786 in establishing specificity for glucopy-
ranoside substrates (Figure 7). Notably, the structurally similar family GH52 3-xylosidase
from Geobacillus thermoglucosidasius (PDB: 4C1P [44]) lacks residues corresponding to E777
and R786, but has a glutamine residue (Q701) in a position too close to the sugar to allow the
Glc C60H side chain to fit in the active position for hydrolysis [17,44]. The GH116 Ss01353 (3-
xylosidase/ 3-glucosidase has a conserved glutamate at the E777 position, but is not conserved
at the TxGH116 R786 position [17,45], consistent with loss of R786 allowing higher activity
on xyloside, while E777 is necessary for activity on (3-glucoside and helping to stabilize the
cationic transition state.

One unexpected finding was that converting D452 and E777 to their amines had greater
effects on catalysis than the elimination of the functional groups by mutation to alanine
(Figure 3). The ONIOM calculations suggested possible explanations for the displacement
of the sugar atoms. In each case, the donation of the hydrogen bond from the amino acid
residue side chain amide caused a rotation of the hydroxyl to place an electron pair in a
position to make the hydrogen bond. This also resulted in the displacement of the pyranose
ring relative to its position in the wild type and alanine mutants (Figures S15-518). In the
case of D452N, the C30H made an alternative hydrogen bond with the E441 nucleophile
residue, contributing to the shift in position (Figure 515). In the case of E777Q, the ring
displacement was less obvious, but the pyranose ring was distorted to a >Bo boat conforma-
tion, which was further from the expected 4H; conformation that puts C5, O5, C1, and C2
in the same plane in the oxocarbenium ion-like transition state (Figure 516). Thus, it would
appear that subtle shifts in hydrogen bonding caused by carboxylate to amide conversions
can have significant effects on the ability of the sugar ring to reach the transition state.

4. Materials and Methods
4.1. Conserved Residue Alignment and Site-Directed Mutagenesis of TxGH116 Amino Acid
Residues Acting in Glucose Binding

The crystal structure of TxGH116 (PDB ID: 5BVU [17]) was used as the initial input
to a Pfam [46] search to identify its protein family. The enzyme TxGH116 is assigned to
the glycoside hydrolases family with 2263 sequence homologs residing in the clan. To
filter out redundant catalytic domain sequences, 34 seed sequences were taken from the
Pfam noline alignment. After aligning the remaining sequences with MEGAX, they were
further curated to remove the proteins that do not possess the catalytic residues associated
with enzyme function. This series of bioinformatics operations produced the final set of
34 protein sequences for analysis in Table S1. The active-site sequence logo of the GH116
family was generated by WebLogo (http://weblogo.berkeley.edu/, accessed on 24 March
2021). The amino acid residues that interact with glucose were identified from the known
structure of the TxGH116 glucose complex. Site-directed mutagenesis was performed on
the previously reported recombinant pET30a(+)/TxGH116 plasmid [17] by the QuikChange
method (Stratagene, Agilent Corp, Santa Clara, CA, USA). The mutagenic primers for the
corresponding amino acid residue mutations are shown in Table S2.

4.2. Protein Expression and Purification and Enzymatic Characterization

The wild type and mutant pET30a(+)/TxGH116 plasmids were transformed into
the Escherichia coli strain BL21(DE3) and the proteins were expressed and purified as
previously described [17].

The purified TxGH116 proteins, the SDS-PAGE results for which are shown in Figure S2,
were used for enzymatic characterization. The hydrolytic activity of the purified en-
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zymes from E. coli was determined as a release of p-nitrophenol from pNPGIc and other
p-nitrophenyl glycosides. The enzyme activity was assayed against these synthetic sub-
strates in 50 mM sodium acetate buffer, pH 5.5, at 60 °C in 140 pL reactions. Time courses
were used to assess the amount of protein and incubation time that gave the apparent
initial velocities. The enzyme concentrations and incubation times for each mutant were
H507A 0.074 pM, 20 min; H507E 1.85 uM, 30 min; H507Q 0.037 uM, 20 min; D452A 1.85 uM,
30 min; D452N 7.4 uM, 30 min; R792A 3.7 uM, 30 min; R792K 1.85 uM, 15 min; T591A
0.037 uM, 30 min; W732F 0.0037 uM, 20 min; E730A 0.0074 uM, 20 min; E730Q 0.0037 uM,
15 min; R786A 0.0037 uM, 15 min; R786K 0.0037 uM, 15 min; E777A 1.85 uM, 30 min;
and E777Q 3.7 uM, 30 min. Three independent reactions were set up for each reaction
condition. The reactions were stopped by alkalinization with 70 uL 2 M NayCO3, and p-
nitrophenol was quantified by the 405 nm absorbance of its phenolate ion, in comparison to
a p-nitrophenolate standard curve in the same solution. The kinetic parameters, including
the keat, Kv, and keat /Ky of purified TxGH116 mutants from E. coli, were calculated by the
nonlinear regression of the Michaelis-Menten plots of initial velocity data at concentrations
covering at least 0.3 to 3-fold the apparent K); value (except in the cases of the mutants
D452A, H507A, H507Q), E777A, and E777Q), for which substrate concentrations of only
2 times the Ky could be achieved due to the solubility and substrate inhibition) with the
Grafit 5.0 computer program (Erithacus Software, Horley, UK) and checked with linear
(Hanes-Wolff [S]/vq vs. [S]) plots (Figure S4). For the standard activity assays, 1 mM
pNPGlc was incubated with enzyme at 60 °C for 15 min [17]. Unless otherwise stated, all
assays were carried out in triplicate.

4.3. Peroxidase/Glucose Oxidase (PGO) Assay of Oligosaccharide Substrates

The activity of enzyme with cellobiose was assayed in 50 mM sodium acetate buffer,
pH 5.5, at 60 °C in 50 pL reactions. The enzyme concentrations and incubation times for
each mutant were wild type 0.0037 uM, 15 min; W732F 0.0037 uM, 20 min; E730A 0.0037 uM,
20 min; E730Q 0.0037 uM, 20 min; R786A 0.0037 uM, 15 min; and R786K 0.0037 uM, 15 min,
in order to obtain a detectable signal. The reactions were stopped by boiling for 5 min after
incubation, followed by centrifugation at 4 °C 12,000 rpm for 30 min to remove the enzyme
pellets. Then, 40 uL supernatant was pipetted into a microplate well that contained 10 uL
reaction buffer and 50 pL 1 mg mL~! ABTS (2,2’-Azinobis-(3-ethylbenzthiazolin-6-sulfonic
acid), Sigma-Aldrich/Merck), and 100 uL 0.01 g mL~! peroxidase/ glucose oxidase (PGO)
enzyme (Sigma-Aldrich/Merck). The PGO reaction was incubated at 37 °C for 30 min, and
the absorbance was measured at 405 nm and compared to a glucose standard curve.

4.4. pH and Temperature Dependence

The pH dependence of the enzymatic activity was determined over the pH range of
2.5-8.0 at 0.5 pH unit intervals, with 1 mM pNPGlc substrate at 60 °C for 30 min in 100 mM
Mcllvaine universal (citrate-phosphate) buffer [47]. The optimal temperature was evaluated
at the optimal pH in assays at temperatures over the range of 10-90 °C at 5-10 °C intervals.

4.5. Glucose and Cellobiose Inhibition Kinetics of Different Mutants

The activity against pPNPGlc was assayed in a range of glucose and cellobiose concen-
trations (final concentrations: 0 to 200 mM) in triplicate reactions at five pPNPGlc substrate
concentrations bracketing the apparent Ky value. Glucose was preincubated with 0.004 uM
enzyme at 37 °C for 10 min before the addition of pNPGIlc and incubation at 60 °C for
15 min. Because cellobiose is hydrolyzed, no preincubation was done for the cellobiose
inhibition kinetics. The K; values were calculated from the x-intercept of the derivative plot
of the slopes of Lineweaver—Burk reciprocal plots (1/v vs. 1/[pNPGIc]) vs. the inhibitor
concentration (Figures S6 and S7) [48].
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4.6. Protein Crystallization

Based on our previous crystallization of wild type TxGH116 by hanging drop va-
por diffusion [49], the crystallization conditions were optimized for the mutant proteins.
The purified TxGH116 was adjusted to 1, 2, 3, 4, and 10 mg mL~1 in 20 mM Tris—HCI,
150 mM NaCl, pH 8.0, by centrifugal filtration [49]. The hanging drop vapor diffusion
plate contained 500 uL precipitant in the reservoir, and the drops consisted of 2 uL protein
solution and 1 pL precipitant solution. All crystallization experiments were carried out at
288 K. The optimized conditions for crystal incubation consisted of 0.15-0.3 M ammonium
sulfate, 0.1 M MES bulffer, pH 5.5, with 19-24% polyethylene glycol (PEG) 3000 for the
reservoir solution.

4.7. Synchrotron X-ray Diffraction and Structure Solution

Crystals of TxGH116 mutants were soaked briefly in cryosolution that increased each
component 10% from the precipitant solution and contained 20% glycerol. For the glucose
complexes, the soaking solution contained 100 mM D-glucose. The crystals were flash
vitrified in liquid nitrogen and shipped to the National Synchrotron Radiation Research
Center (NSRRC, Hsinchu, Taiwan) for data collection. Diffraction data were collected
on beamline BL13B1 at the NSRRC with an ADSC Quantum-315r CCD detector. The
wavelength was set at 1.000 A and the crystals were maintained at 100-105 K during
diffraction with a nitrogen cold stream. The data were processed and scaled with the HKL-
2000 package [50]. The initial phases for the mutants and their complexes were determined
by molecular replacement with the MOLREP program [51] in the CCP4 suite [52] using
the wild type native crystal structure (PDB: 5BVU [17]) with solvent and glycerol removed
as the template. The structure was adjusted with the COOT graphic program [53] in
alternation with refinement with REFMACS5 [54]. The final models were analyzed with
MolProbity [55] and validated on the PDB Website. The data collection and refinement
statistics parameters are shown in Table S3. The mutant protein structures were visualized
and compared with the wild type TxGH116 structure in PyMol (Schrédinger LLC, Portland,
OR, USA) and Discovery Studio 3.1 (BioVia, San Diego, CA, USA).

4.8. Computational Procedures: Binding Energy and Particular Interaction Analysis

Our own two-layered N-layered integrated molecular orbital and molecular mechanics
(ONIOM) [56] calculations (ONIOM2(B3LYP/6-31G(d,p):PM3)) were performed to examine
the mutation-induced effects on the binding affinity and stability of glucose ligand in the
TxGH116 active site. Here, eleven protein-ligand complexes for TxGH116 wild type and
mutants (D452A, D452N, H507A, H507Q, H507E, E777A, E777Q, R786A, R786H, and
R786K) were modeled and optimized using the X-ray structure of the TxGH116-glucose
complex (PDB: 5BX5 [17]) because of their potential hydrogen bond interactions. The
ONIOM2 calculations were set up in a similar manner as in the previously published
papers [36,57], and were performed on the TxGH116 active site residues in a sphere of 5 A
around the glucose. In this complex, the high-level region (region A in Figure 8) comprises
the atoms in the region of the complex, including the glucose and the residues E441 (the
catalytic nucleophile), H507, D452, D508, Y523, T591, D593 (the catalytic acid /base), E777,
R786, and R792, and were treated to a high-level calculation, in this case, BBLYP/6-31G(d,p).
These residues are, from the crystallographic point of view, involved mainly in hydrogen-
bonding interactions with the glucose [17]. The low-level region (region B in Figure 8)
includes all the atoms not previously selected in the high-level region, which were treated at
the semi-empirical level PM3. The ONIOM?2 optimized structures, as well as their binding
energies, BE, were obtained from the extrapolated energy of the ONIOM2 approach, which
is defined as follows:

BE(ONIOM?2) = E[Cpx] — E[P] — E[L]

= AE (high, A) + [AE (low, AB) — AE (low, A)]
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where E[CpXx] is the total energy of the protein-ligand complex, E[P] is the total energy of
the protein pocket, E[L] is the total energy of the ligand (i.e., glucose), AE (high, A) is the
energy of the region A calculated using a high level of calculations, AE (low, AB) is the
energy of the whole model system (regions A and B in Figure 8) calculated using a low
level of calculations, and AE (low, A) is the energy of the region A calculated using a low
level of calculations.

To further identify the important contribution of individual residues in the TxGH116
active site, we have performed a particular interaction analysis on those mutated amino
acids by calculating the interaction energies, IE(L + X;), between ligand (glucose) and
individual residues, X;, at the B3LYP/6-31G(d,p) level of theory using the ONIOM geometry
described above. Counterpoise correction for the basis set superposition error (BSSE-CP)
was also calculated to correct the interaction energy. The total interaction energy, IE, can be

expressed as follows:
IE(L + Xi) = E(L + X;) — E(L) — E(Xj)

where E(L) and E(X;) are the energies of the ligand (i.e., glucose) and each individual residue,
respectively. All computations were performed using the Gaussian09 program [58].

5. Conclusions

The systematic investigation of the GH116 indicates that a delicate balance of charges
and hydrogen-bonding interactions enable the binding of the sugar, stabilization of the
transition state, and activation of the catalytic residues at the optimal pH. Even relatively
subtle changes from a hydrogen bond acceptor to a hydrogen bond donor can have signifi-
cant effects on the glycone/transition state optimization, pointing to subtle steric effects [2]
in addition to charge effects. Thus, the investigated residues play important stabilization,
steric, and activation roles, which critically complement the proton shuffling and covalent
roles played by the catalytic acid /base and nucleophile, respectively. Although GH116 ap-
pears to have relatively little contribution from aromatic electron clouds stacking the sugars
via interactions with the polarized sugar ring hydrogens compared to other 3-glycosidase
families, the polar interactions appeared to be similar, suggesting these lessons likely ap-
ply to other (3-glycosidase families as well. The critical importance of these stabilizing,
steric, and activating residues must be considered when engineering 3-glucosidases for
various applications.
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