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A front-face 'S,i synthase’ engineered from a
retaining ‘double-S,2' hydrolase

Javier Iglesias-Fernandez"?%'°, Susan M Hancock3'°, Seung Seo Lee34'°, Maola Khan3, Jo Kirkpatrick3#,
Neil J Oldham38, Katherine McAuley®, Anthony Fordham-Skelton®®, Carme Rovira'?’* &
Benjamin G Davis®*

Syi-like mechanisms, which involve front-face leaving group departure and nucleophile approach, have been observed
experimentally and computationally in chemical and enzymatic substitution at «-glycosyl electrophiles. Since Si-like, Sy1and S2
substitution pathways can be energetically comparable, engineered switching could be feasible. Here, engineering of Sulfolobus
solfataricus B-glycosidase, which originally catalyzed double S, 2 substitution, changed its mode to Si-like. Destruction of the
first S\2 nucleophile through E387Y mutation created a B-stereoselective catalyst for glycoside synthesis from activated sub-
strates, despite lacking a nucleophile. The pH profile, kinetic and mutational analyses, mechanism-based inactivators, X-ray
structure and subsequent metadynamics simulations together suggest recruitment of substrates by mr-sugar interaction
and reveal a quantum mechanics-molecular mechanics (QM/MM) free-energy landscape for the substitution reaction that is
similar to those of natural, S,i-like glycosyltransferases. This observation of a front-face mechanism in a B-glycosyltransfer
enzyme highlights that Si-like pathways may be engineered in catalysts with suitable environments and suggests that ‘B-S,i’
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mechanisms may be feasible for natural glycosyltransfer enzymes.

nucleophilic attack in chemical, a-glycosyl transfer substitu-

tion!, the possibility of a wider existence of such an unusual
mechanism has been rarely but carefully considered?*. Such a front-
side mechanism is invoked to explain the seemingly unusual behav-
ior of retaining glycosyltransferases (GTs)*. Most retaining GTs do
not contain obvious, conserved, functional nucleophiles and/or
acid/base residues required to operate the double-displacement
mechanism?® that is found in glycoside hydrolases (GHs)*. Although
typically observed chemical nucleophilic substitution involves likely
intermediacy of solvent-exposed and accessible reaction centers,
even for such reactions, Syi-like mechanisms are observed, facili-
tated by assisted delivery of the nucleophile to the electrophile®”’.
In proteins, more constrained environments (and possible alterna-
tive pathways) exist. Structures of several retaining GTs*!! show
the substrates, leaving group and nucleophile in positions suitable
for front-face mechanisms?!2.

Recently, we have provided experimental evidence that supports
the operation of a front-face mechanism in the retaining GT treha-
lose-6-phosphate synthase (OtsA)* consistent with detailed compu-
tational QM/MM metadynamics simulations'’. These investigations
were followed by experimental and computational studies of glyco-
syl transfer in solution chemistry, indicating that the solvolysis of
o-glucosyl fluoride in hexafluoro-2-propanol, a non-nucleophilic
environment, also follows a front-face mechanism’; phosphorolysis
of o.-glucosyl fluoride in mutant phosphorylases is also suggested
to follow a similar path'. Subsequent QM/MM studies on the
retaining GTs lipopolysaccharyl o.-galactosyltransferase C (LgtC)'e,
o.-1,2-mannosyltransferase Kre2p/Mntlp?, polypeptide GalNAc-
transferase T2 (GalNAc-T2)'® and glucosyl-3-phosphoglycerate
synthase (GpgS)» further disentangle the molecular details of the

E ; ince the seminal demonstration of front-side (same face)

front-face mechanism for these a-selective retaining GTs*. More
recently, the functionally essential Notch-modifying xylosyltrans-
ferase was proposed to follow this Syi pathway''. Together, these
studies suggest that the unusual front-face mechanism may, in fact,
play an important and potentially widespread role in nature, con-
sidering the importance and ubiquity of glycosyltransferases. Thus
far, no B-selective front-face-retaining reaction has been observed.
One apparently crucial feature of the o-selective mechanism sug-
gested in these studies (Fig. 1a) is the role of an asymmetric and
shielding environment (the active site) as a reaction compartment,
with sufficient space to not only accommodate the nucleophile and
the leaving group on the same face but do so in a protective manner
that allows sufficient lifetime for oxocarbenium ion-like intermedi-
ates. In essence, the active site provides a protective box that allows
the acceptor nucleophile to separate the ion pair that is generated
from the donor electrophile. Together, these data suggest common
features (suitable shielding by active site moieties to exclude solvent;
no competing protein nucleophile; reduced requirement for protein
general acid/base and suitable leaving group pK,) that, in principle,
could be engineered' rather than simply observed.

Here we demonstrate that the front-face reaction not only can
operate in retaining GTs but also can be created in engineered
GHs through the exploitation of such features. Selection of a suit-
able, robust GH scaffold created an enzyme with transglycosylation
activity capable of stereospecific creation of B-glycosidic linkages
from activated B-donors, such as p-nitrophenyl glycosides, and
incapable of hydrolyzing the unactivated glycosidic linkages in the
product. Mechanistic investigations (including kinetic, biochemi-
cal, mutagenic, structural and computational studies) suggested
that this novel, unnatural synthase activity arises from front-face
nucleophilic substitution, similar to that proposed for retaining
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GTs. To the best of our knowledge, this is the first description of a
front-face mechanism for a B-retaining enzyme.

RESULTS

Design and creation of a nucleophile-free GH

We chose the robust and representative GH family 1 scaffold as
a protein platform for design. The retaining B-glycosidase from
Sulfolobus  solfataricus (SSG) shows stability to mutation??,
solvents® and even typically denaturing conditions?**?. Prior
nucleophile-free mutants bearing smaller residues than the natu-
ral Glu387 (for example, Gly387; ref. 26) act as classical, inverting
glycosynthases?” with suitable (oi-glycosyl fluoride) substrates®. By
contrast, our initial modeling suggested that to ensure sufficient
protection and putative stabilizing interactions and yet be small
enough to be accommodated, only certain residues (for example, Tyr
and Phe) would prove suitable. Tyr387 was therefore chosen, and
site-directed mutagenesis of SSBG-WT vyielded stable, folded,
soluble protein SSBG-E387Y, C-terminally His-tagged to allow
for exhaustive nickel-affinity chromatography (Supplementary
Results, Supplementary Fig. 1), giving good protein yields of
~28 mg/L of growth. N-terminal sequencing, LC-ESI-MS (found
57,450 Da; expected 57,447 Da) (Supplementary Table 1) and cir-
cular dichroism (CD) analysis (Supplementary Fig. 2) confirmed
identity and unaffected secondary structure, respectively.

Glu387Tyr nucleophile-mutant displays altered activity

By design, we chose para-nitrophenoxide (pK,; ~7), which has a
similar pK, to those of UDP (pK,;;; ~ 7 and pK,;, ~9), as a suitable
leaving group for our putative ‘activated’ substrates. Determination
of the hydrolytic kinetic parameters (Supplementary Table 2) of
SSBG-E387Y toward p-nitrophenyl B-p-glycosides and compari-
son with SSBG-WT revealed reduced but clear activity toward
PpNPBGal (1) and pNPBGlc (2) substrates. Consistent with the loss
of the nucleophilic Glu387 residue in SSBG-WT, the decrease in
activity was manifested exclusively in k. Notably, substrate selec-
tivity (as judged by k /K, was reversed from Gal:Glc = 1:1.6 in
SSBG-WT to 3:1 in SsPG-E387Y—a ratio that may more closely
reflected the inherent chemical reactivity of Gal as compared to
Glc?. Interestingly, tyrosine residues are observed in positions sim-
ilar to that of Tyr387 in glycosidase enzymes that exploit substrate-
assisted catalysis, such as the hexosaminidases®. These are thought
to stabilize the formation of corresponding oxazolinium ion inter-
mediates. However, SsBG-E387Y displayed no hexosaminidase
activity toward either pNPBGIcNAc (3) or corresponding activated
oxazoline substrates (2-methyl-(1,2-dideoxy-o.-p-glucopyrano)
[2,1-d]-A?-oxazoline, 4). Consistent with the designed require-
ment for a suitable activated leaving group, SsPG-E387Y failed
to hydrolyze either methyl B-p-galactopyranoside (MeGal, 5) or
p-nitrophenyl 6-O-(B-p-galactopyranosyl)--p-galactopyranoside
(pPNPGall,6Gal, 6).

Incubation with mechanism-based inhibitor*® 2,4-dinitrophe-
nyl 2-deoxy-2-fluoro-B-p-glucopyranoside (7) had no substantial
effect, thereby suggesting that the observed activity did not arise
from SsPBG-WT (wild type) or other (for example, endogenously
expressed host Escherichia coli) glycosidases that use nucleophilic
catalysis. It also intriguingly suggested that this altered catalytic
activity of SsPG-E387Y was no longer nucleophile dependent (as
discussed below). When SsPG-E387Y was thermally denatured
(16-20 h at 45 °C) all activity was lost, implying that native protein
conformation was required for catalytic activity.

SSPBG-E387Y is a ‘synthase’

Given this striking selectivity for activated substrates, with
negligible activity in the hydrolysis of unactivated glycosides
(and hence potential products), SSBG-E387Y was a potentially
useful catalyst for glycosidic bond formation from activated
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Figure 1| Comparisons of front-face glycosyl transfer. (a) The front-face
reaction mechanism of known coi-selective retaining glycosyltransferases.
(b) The transglycosylation reactions catalyzed by the -selective ‘front-
face’ synthase described here. Reactions are detailed in Table 1.

PNP substrates. We surveyed a small set of representative mono-
saccharides as nucleophilic acceptors under different conditions
(Fig. 1b and Table 1).

SsPG-E387Y did not process nonaromatic sugar acceptors to
any substantial extent, resulting in reactions that instead primar-
ily gave GalB-pNPGal disaccharidic products 6 and 13 (Table 1),
suggesting a strong preference for using pNPGal 1 as an acceptor.
This observed preference for aromatic sugar acceptors was con-
sistent with aromatic stacking interactions in the +1 or +2 accep-
tor pockets used by the GH naturally for binding oligosaccharide
substrates® 2. Indeed, aromatic Galf, Glcf} and Mana. glycosides
all proved to be suitable nucleophile substrates (Table 1). Unlike
several other synthases, under these conditions, trisaccharides and
higher or branched oligosaccharides (from uncontrolled ‘self-con-
densation’) were not observed in measurable amounts; these are
isolated in reactions catalyzed by classical glycosynthases, notably
including a variant derived from SspG?*. Only under more extreme
conditions were small amounts of trisaccharides observed (see
below). In all reactions, either exclusive 1,6- or 1,6-/1,3-linked
regioselectivity was observed; in contrast to the behavior of other
SsPG-related catalysts®®*, no 1,4-linked disaccharides were iso-
lated. Notably, all transglycosylation reactions displayed exclusive,
retentive B-stereoselectivity.

Having demonstrated initial synthetic potential, the syn-
thetic application was explored in a model reaction of donor
PpNPGal 1 with acceptor PhBGlc 11 (Supplementary Table 3).
Strikingly, variable conditions allowed the improvement of the
synthesis:hydrolysis (S:H) ratio to over 99:1. Under these con-
ditions, the enzyme was both selective and, essentially, exclu-
sively synthetic, yielding 15 as the predominant product in >70%
isolable yield, with only the formation of smaller amounts of
trisaccharides as side products (Table 1). In control experi-
ments, under essentially identical conditions, SsSBG-WT simply
hydrolyzed the donor sugar and gave none of the desired syn-
thetic product. No transglycosylation activity was observed using
o.-p-galactopyranosyl fluoride donor and representative acceptors:
SsBG-E387Y did not process donor substrates with o-anomeric
configuration, thereby confirming that SsBG-E387Y did not act
as a classical glycosynthase. Notably, in comparison to reactions
that are catalyzed by glycosidases, which typically give transgly-
cosylation yields from 20-40%%, the general yields of transglyco-
sylation products synthesized with SsBG-E387Y (several > 80%)
were high, and only rivaled by some of the more potent glycosyn-
thases®. It should be noted, however, that estimated transglycosy-
lation rates (k /Ky ~0.0052 - 0.025 min~'mM™") were ~2,000-fold
lower compared to those of classical glycosynthases (see below
for further details).
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Table 1| SspG-E387Y catalyzes transglycosylation
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Product and yield / %?
Acceptor Temp / °C 13 6 14 15 16 He Se Total S/H Conversion?/ %
MeBGal 5 45 18 24 - - 2 37 44 81 1.2 92
MeBGal 5 80 51 36 = = 1 <1 88 88 >88 78
Cellobiose 8 45 14 15 - - - 44 29 73 0.7 100
Cellobiose 8 80 22 27 - - - 6 49 55 8.2 79
Lactose 9 45 21 29 - - - 33 50 75 2.0 80
Lactose 9 80 30 54 = = = 16 84 100 5.3 91
MeBMan 10 45 16 38 = = = 46 54 100 1.2 100
MeBMan 10 80 39 46 - - - 15 85 100 5.7 92
PhBGIc 11 45 S) 46 - 26 - 17 81 98 4.8 97
PhBGlc 11 80 0 28 - 12 = 37 = = = 100
PhaMan 12 45 0 3 12 = = 85 15 100 0.2 100
PhaMan 12 80 1 10 25 - - 64 36 100 0.6 100
PhBGlce 11 45 5 0 = 72 - <1 >99 100 >100 -e

aYields were determined by NMR analysis of the per-acetylated reaction mixture, separated by flash chromatography and based on the recovery of starting material. Reaction times were determined
by period of catalytic activity, i.e., until no further progression ~15 h or longer. °H, total yield of hydrolysis products. <S, total yield of glycosides/synthesis products. ‘Based on the consumption of starting
material. After optimization for yield, including additional production of trisaccharide as mass balance (see Supplementary Table 3).

Disaccharides synthesized from pNPGal 1 as a glycosy!l donor (see Fig. 1b for relevant reaction).

Ss3G-E387Y requires no nucleophile nor general acid/base
This useful transglycosylation/‘synthase’ activity again highlighted
the differing mechanism of SsPG-E387Y and suggested com-
parison with natural transglycosidases. The trans-sialidase from
Trypanosoma cruzi of GH family 33 utilizes a tyrosine residue as
a nucleophile¥, and, although modeling and design (as discussed
above) had suggested incompatible geometries for Tyr387 in SspG-
E387Y to play this role, we attempted to clarify this aspect of its
mechanism. First, to test Tyr387 as a catalytic nucleophile, trapping
experiments were designed that were intended to yield a covalent
intermediate from mechanism-based fluorosugar inactivators®.
Thus, SsBG-E387Y was incubated with DNP-2FGIc* 7 and ana-
lyzed by LC-MS (Fig. 2 and Supplementary Fig. 3). Over 6 h, no
change in the hydrolytic activity of SsBG-E387Y was observed.
Concomitant monitoring of DNP release (absorbance at 405 nm)
revealed no acceleration compared to uncatalyzed chemical DNP-
2FGlc hydrolysis. Agrobacterium faecalis B-glucosidase can form a
stable o-D-glucopyranosyl tyrosine product at nonrelevant Y298
upon mutation of the active site nucleophile®; peptide ‘mapping’
of SsBG-E387Y did not show trapping of Tyr387. Neither prote-
olytic (trypsin, pepsin, thermolysin or clostripain) MS/MS nor
CNBr-cleavage-MS/MS  (including neutral loss analysis of the
2FGlc moiety) indicated peptides with attached 2FGlc moieties
(Supplementary Figs. 4-6), even though the coverage of this
‘mapping’ successfully included peptides containing Tyr387 (and
Glu206) as putative trapping sites. In control experiments, under
essentially similar conditions, SsBG-WT was successfully labeled
(Supplementary Figs. 7-9). Together these results suggested that
Tyr387 (or even Glu206) was not acting as a catalytically nucleo-
philic residue in SsBG-E387Y and that observed mass changes in
the total protein MS were distributed nonspecifically at low abun-
dance over multiple nonspecific locations that could not be detected
by proteolytic cleavage—-MS/MS analyses.

Next, to further probe the mechanism of SsPG-E387Y, and
prompted by this apparent lack of any functioning nucleophilic
catalytic residue, a range of representative mutants of SsBG were con-
structed (Supplementary Table 4). Their identities (primary and
secondary structure) were confirmed by ESI-MS (Supplementary
Table 1) and CD analysis (Supplementary Fig. 2).
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None of these mutations caused a dramatic loss of function;
indeed, the similar activities of SsPG-E387Y, SsPG-E387F, SspG-
E206A-E387Y and SsPG-Y322F-E387Y suggested that none of these
residues were necessary for the observed catalytic mechanism, i.e.,
none play a required role as a nucleophile or a general acid/base in
their catalytic mechanisms. It is particularly notable that, consistent
with the designed mechanism (see above), the additional mutation
of the acid/base residue (Glu206) along with that of the nucleophile
(Glu387) to give SsPG-E206A-E387Y had no detrimental effect on
activity; in the catalytic mechanism a general acid/base catalyst was
also apparently not required, consistent with the design (Fig. 1a).
This was also in agreement with the observation that the basic limb

[MH+label]*
Time .
100 MH" 57,616
57448 [MH+label,]"
72h % 57,782
100 57,446
24h % 57494 57614
A0 || 7660
o AU~
56750 57000 57250 57500 57750 58,000
m/z [label]

Figure 2 | Mass spectrometric analysis of incubation of Ss3G-E387Y with
covalent inhibitor DNP-2FGlc. The reaction with 2,4-dinitrophenyl 2-deoxy-
2-fluoro-B-p-glucopyranoside (7) was monitored over time by ESI-MS.

A slow reaction and the emergence of additional peaks (2x +165 + 3 Da,
etc.) after extended incubation and with an apparent statistical distribution
suggest nonspecific chemical modification; incubation with 2FGlc did not
cause direct glycation (Supplementary Fig. 3). This nonspecific, non-
‘activity-based’ cause is also consistent with the thermal denaturation of
SsPG-E387Y at 45 °C for 16 h (as discussed above). Data are from a single
experiment representative of five repeated ‘trapping’ experiments.
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of the pH profile of SsBG-E387Y was also shifted ~0.6 pK, units to a
value similar to that for para-nitrophenol (Supplementary Fig. 10).
Finally, transglycosylation kinetics were determined for SsBG-
E387Y using a range of substrates (Supplementary Table 5 and
Supplementary Fig. 11). Notably, both activity (as judged by
k./K\,) and regioselectivity (1,6 versus 1,3; Supplementary Fig. 11b)
varied with leaving group; tentative linear free-energy analysis
(Supplementary Fig. 12) revealed a small B-value (-0.049), consis-
tent with computational analysis results suggesting a stepwise mech-
anism with a higher barrier for the collapse of an oxocarbenium-ion
intermediate than that for leaving group departure (see below).

Structural determinants of catalysis in SsBG-E387Y

To further probe the mechanism of SsBG-E387Y, the apo X-ray
crystal structure of SsBG-E387Y was successfully determined
(Fig. 3a; Supplementary Fig. 13; Online Methods; Supplementary
Table 6) and compared to the previously reported SsBG-WT struc-
ture®. Despite the mutation, the structures superimposed with very
little divergence (r.m.s. deviation of 0.26 A calculated using 486
Coa positions). In the active site, only two amino acids shifted sub-
stantially as a result of the mutation: Tyr322 and His342 (Fig. 3a).
Attempts to generate holo structures in complex with either sub-
strate or inhibitor were unsuccessful. Therefore, the structures of
appropriate ternary complexes were modeled, informed by both
the apo-SsPG-E387Y structure and structural alignments with
SsBG-WT? complexed with p-galactohydroximolactam (PDB ID:
1UWT) (Supplementary Fig. 14). The SsBG-E387Y active site was
very similar to that of SSBG-W'T (Fig. 3a), consistent with the simi-
lar K, values obtained for pNPBGal and pNPBGlc substrates for
SsBG-WT and SsBG-E387Y SsBG (Supplementary Table 2).

A combination of classical molecular dynamics (MD) and meta-
dynamics techniques were used to model a ternary Michaelis com-
plex of SsPG-E387Y with two molecules of pNPBGal as putative
acceptor and donor substrates corresponding to one of the observed
synthase activities (discussed above). In the first step, the two mol-
ecules were manually placed at the entrance of the enzyme catalytic
groove (see Online Methods; Supplementary Figs. 15 and 16). After
200 ns of MD simulation, one of the molecules partially entered the
catalytic site, sitting at ~8 A from the catalytic residues, whereas the
other remained at the entrance (Supplementary Fig. 16a). Further
MD simulation did not lead to substantial change, indicating that
complete entrance of the two molecules is associated with a cer-
tain free-energy barrier. Therefore, the ligand-binding process was
activated using an enhanced-sampling technique (metadynamics)®.
Two collective variables were chosen to drive the binding of the two
PNPBGal molecules to the active site of SSBG-E387Y. The first (CV;
Supplementary Fig. 15) measures the degree of penetration of the
first pPNPBGal molecule (as the donor) into the active site; the sec-
ond (CV,) accounts for the formation of a O1-H’ interaction, pro-
viding a measure of distance between donor and acceptor.

The free-energy landscape (FEL) of ligand binding obtained
from the classical metadynamics simulation (Supplementary
Fig. 16¢) showed an energy minimum (the global one) in which
the two pNPBGal molecules were inside the enzyme active site (the
ternary complex, shown in Fig. 3b,c). Analysis of the water con-
tent around the active site showed that a number of water molecules
were displaced during binding (13 + 4 from a region of <5 A from
Y387 and Y322). Among the remaining water molecules, two were
located within 5 A of the donor anomeric carbon. Although these
water molecules were not well positioned for catalysis, they could
account for the observed residual hydrolysis. Close examination of
the orientation of the two sugar molecules in the active site revealed
that the hydroxymethyl group of the acceptor molecule is located
on the same face of the donor sugar as the pNP group (i.e., the leav-
ing group). This was an optimum topology for a front-face mecha-
nism, which could ultimately lead to a transglycosylation product
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Figure 3 | Structural analysis of SSBG-E387Y. (a) The X-ray structure

of apo-SSBG-E387Y (determined in this work; PDB ID: 513D, silver)
superimposed on SSBG-WT (PDB ID: 1GOW, gold) shows the highly
localized rearrangement (indicated by curled black arrow) of residues
Y322 and H342 to accommodate the changed residue at 388 (E387Y).
The hydroxyl of Y322 is within ~3.1 A of the N&1 of H342, suggesting that

a hydrogen bond stabilizes this amino acid side chain migration (blue
dashes). Essentially negligible alterations are observed in the rest of the
structure. (b) Schematic interaction diagram of proposed substrate-protein
interactions based on a and ¢: Y387 forms stabilizing donor sugar-nt
interactions*' (sugar hydrogen atoms point toward the center of the Y387
phenol ring, with distances <3 A; see ¢); the localized Y322 rearrangement
creates m-1 stacking interactions with the acceptor pNPGal moiety. This, in
turn, positions the acceptor OH-6 in an orientation to attack the anomeric
carbon of the sugar donor. (¢) Structure of SsBG-E387Y in complex with
two pNPBGal molecules. This Michaelis complex was obtained from
classical metadynamics simulations (see Online Methods) based upon the
determined apo X-ray structure (determined in this work; PDB ID; 513D,
silver) shown in a. The inlay shows an expanded view of the active site.

with net retention of configuration. The hydrogen atom of acceptor
OH-6 was directed toward O-1 of the donor molecule, favoring the
formation of a 1,6-glycosidic linkage, consistent with the observed
regiochemical preferences of SsPG-E387Y. This hydrogen bonding
interaction may guide the nucleophile to the same face as the leaving
group, akin to interactions observed in retaining ‘Syi-like’ GTs!41°.
Furthermore, this result was consistent with the intended, designed
role of the leaving group glycosidic oxygen as a general base that
deprotonates the incoming protic OH-6-hydroxyl (Fig. 1a). It was
also consistent with the removal of the general acid/base residue
(Glu206) in SsPG-E387Y-E206A having a nondetrimental effect on
activity; in SsBG-E387Y with pNPGal, the phenolic base appeared
to be sufficient to deprotonate the incoming hydroxyl nucleophile.
There were crucial substrate—protein interactions (Fig. 3b) that
contributed to the stability of the above ‘front-face arrangement’
First of all, Tyr387 formed stabilizing donor sugar-m interactions*!
(sugar hydrogen atoms pointed toward the center of the Y387 phe-
nol ring, with distances <3 A; Fig. 3c), consistent with the overlay
of the starting apo SsBG-E387Y X-ray crystal structure with the
SsBG-WT-inhibitor complex (Supplementary Fig. 14). Second,
Tyr322 swung to form n-m stacking interactions with the acceptor
PpNPGal moiety (the distance between carbon atoms of both six-
membered rings amounts to ~3.5 A). This, in turn, appeared to
position the OH-6-hydroxyl group in an optimum orientation to
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Figure 4 | Analysis of the Si reaction pathway. (a) Free-energy landscape (FEL) reconstructed from the metadynamics simulation of the transglycosylation
reaction (projection on two collective variables CV, and CV,). Contour lines are at 5 kcal/mol. The second transition state (labeled as state 3) is higher in
energy with respect to the first one (labeled as state 1) by 3 kcal/mol. (b) Representative active site structures for the most relevant states along the reaction
pathway. Hydrogen atoms have been omitted for clarity, except the one being transferred from the sugar acceptor to the pNP leaving group of the donor
molecule and the hydroxyl hydrogen atoms of the Gal donor that interact with E206. Bonds being broken/formed are represented by a transparent bond (in
states 1and 3), whereas dotted lines indicate hydrogen bonding interactions. (¢) Proposed front-face substitution mechanism of SspG-E387Y.

attack the anomeric carbon of the sugar donor. These -7 stacking
interactions explained why pNPBGal and other aromatic glycosides
were preferred substrates for the synthase activity of SsPG-E387Y
(as discussed above). Essentially identical analysis of a possible
O3-regioselective pathway also generated an appropriate Michaelis
complex (Supplementary Fig. 17). The binding modes correspond-
ing to the 1,6 or 1,3 reaction were quite different, especially for the
acceptor molecule. However, notably, in both cases (1,6 and 1,3),
the donor sugar was stabilized by CH-7 interactions engendered
by Y387. In the corresponding 1,3 pathway, the major difference
was that in the acceptor, the aglycon is oriented away from Y322,
enabling sugar-CH-T interactions between acceptor and donor (c.f.
acceptor aglycon -7 interactions with Y322 for the 1,6 reaction, see
above). Thus, in both cases n—m and sugar-m interactions stabilized
the substrates in optimum orientation for catalysis. Together, these
structural analyses (X-ray structure and metadynamics simulations

of ligand binding) suggested clearly that the donor anomeric car-
bon was spatially accessible to the acceptor OH-6 or OH-3 hydroxyl
groups from the front face.

QM/MM analysis of mechanism and reaction landscape

QM/MM simulations, using the metadynamics approach, were
performed to elucidate precise details of this unusual glycosyl
transfer reaction in atomic detail and to obtain the FEL from
which, in turn, reaction coordinates were defined. From the ternary
complex determined above (Fig. 3b,c), three collective variables,
corresponding to the main bonds undergoing breaking or forma-
tion, were used (Supplementary Fig. 18 and Online Methods). As
a test of one of the critical design elements in this Syi synthase,
it is important to note that none of the CVs self-selected any
specific reaction pathway. The FEL for the transglycosylation reac-
tion, reconstructed from the QM/MM metadynamics simulation
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(Fig. 4a and Supplementary Video 1) showed three main minima
and two transition states (TS). The free-energy difference between
the reactants state and the highest TS amounted to ~25 kcalemol™!,
similar to the value obtained for the OtsA glycosyltransferase with
essentially similar computational methodology!.

The structure of the reactants complex (R in Fig. 4b) was very
similar to the one obtained from classical (i.e., force-field based)
metadynamics simulation (Fig. 3¢), except that the donor galactosyl
ring was distorted into a 'S; conformation in the QM/MM structure
as opposed to a relaxed *C,. This was not surprising in view of the
known limitations of force fields in describing the precise conforma-
tion of the sugar ring in glycoside hydrolases*>**. The more detailed
QM/MM metadynamics simulations instead supported a distorted
conformation for the saccharide ring at the —1 donor enzyme sub-
site, essentially similar to that expected for a -glucoside hydro-
lase mechanism*#. Of particular interest was the hydrogen bond
between the hydroxymethyl group of the acceptor molecule and the
leaving group (pNP) of the donor molecule in the reactants com-
plex. This type of interaction, which has previously been observed
on the basis of QM/MM calculations for GTs!*!¢151° (the hydrogen
bond forms either in the reactant complex or in the early stages of
the reaction), is known as a common feature of enzymes operating
via a front-face mechanism and is part of the design invoked for
SsBG-E387Y (Fig. 1 and above).

The reaction pathway (Fig. 4) started with the elongation of the
C1-01 bond of the donor molecule (the C-O distance increases
more than 1 A when going from R to state 1; Supplementary Fig. 19
and Supplementary Table 7). This bond was completely broken at
intermediate state 2 (C1-O1 = 3.4 A). At this stage of the reaction,
the distance between donor and acceptor (C1-06") was still long
(~3 A), indicating formation of an oxocarbenium-phenoxide ion
pair. Such a change in electronics at the anomeric center atom was
further supported by a shift toward trigonal geometry, which was
also associated with changes in the conformation of the pyranose
ring along the reaction (see Supplementary Fig. 20 and discus-
sion below). This change coincided with a decrease in the C1-O5
bond length (from 1.41 A to 1.27 A; Supplementary Table 7) and
an increase in the charge carried by the anomeric center (by 0.30
e~ when going from R to state 2).

The oxocarbenium ion pair corresponded to a minimum along
the reaction pathway. It was stabilized by the O6’-H-O1 hydrogen
bond (state 2 in Fig. 4b), which also played a role in orienting the
acceptor for nucleophilic attack. Afterward, a slight displacement
of the hydroxymethyl moiety coupled with proton transfer (from
hydroxymethyl to pNP-oxygen) formed the new glycosidic bond
(state 3 — P in Fig. 4a). Notably, the observation of a slightly
higher barrier of ~3 kcal/mol for collapse of the oxocarbenium
ion was consistent not only with prior observations in GTs'*!® but
also with the low Brensted coefficient (B,,) determined experi-
mentally (see above). As a further characterization of this species,
we extracted two snapshots of the metadynamics simulation that
correspond to minimum state 2 and performed geometry opti-
mizations and subsequent QM/MM MD simulations (see Online
Methods). The ion-pair species was stable under optimization and
MD simulation, with a lifetime >15 ps. This again indicated that
the ion-pair species was a minimum of the FEL. Interestingly, in
silico mutation of Y387 to F387 generated an oxocarbenium-ion
species that was still a stable minimum, with a slightly longer dis-
tance between the aryl ring and the sugar donor anomeric car-
bon compared to the E387Y variant. This was consistent with the
experimental findings that the E387F variant still exhibits clear
activity (Supplementary Table 4). An alternative mechanism in
which the oxocarbenium ion collapsed with the E206 acid base
residue* was also considered and tested (Online Methods and
Supplementary Fig. 21). However, this mechanism was discarded
in view of the high-energy barrier obtained and the low stability

NATURE CHEMICAL BIOLOGY | VOL 13 | AUGUST 2017 | www.nature.com/naturechemicalbiology

of such an intermediate. Therefore, the simulation showed that
cleavage of the donor Gal-B-pNP bond and formation of the Gal1-
6Gal bond were entirely asynchronous and followed a front-side
stepwise mechanism.

The donor conformational itinerary observed in SsPG-E387Y
during transglycosylation (Fig. 4b) was as follows: 'S, (reactants)
— *H,/E, (reaction intermediate) — “C, (products). This pathway
was the same as that delineated experimentally*4>%” and theoreti-
cally*® for retaining B-p-gluco-active glycoside hydrolases such as
SsBG-WT. Remarkably, therefore, despite the very different mecha-
nism, the engineered Syi synthase SsBG-E387Y appears to synthesize
glycosidic bonds by exploiting essentially the same conformational
itinerary (and associated distortional strategies to guide catalysis)
used by the WT enzyme for hydrolysis. This suggested that, inde-
pendently of the type of reaction catalyzed by the enzyme, the active
site served as a box for the donor to accommodate a given reduced
set of pyranose ring conformers.

DISCUSSION

Until now, frontal face or Syi-like mechanisms are only implied in
retaining o-glycosyltransferases; the engineered system we present
here appears to constitute an example of a retaining glycosyltrans-
ferase-like enzyme with B-glycosidic bond selectivity. Structural
and computational analyses suggest a critical role for the installed
Tyr387 through sugar-m and -7 interactions in recruiting to the
Michaelis complex (Fig. 3¢) and in stabilizing the reaction pathway
through the formation of a hydrogen bond between the acceptor
OH and the donor glycosidic oxygen. Given that the dehydroxylat-
ing Tyr—Phe mutation in SsBG-E387F did not affect activity, any
such stabilization might not be (entirely) via interactions with the
hydroxyl group and/or was not dramatically altered by the change
in m-density that this would also cause; this slight effect was sup-
ported by computation. Mutagenesis of an analogous tyrosine to
phenylalanine in human cytosolic 3-glucosidase causes only a 2- to
5-fold decrease in k,, with minimal effect on K,; this suggests that a
polarizable -aromatic ring system might have the capacity for tran-
sition state stabilization®. FEL analyses showed some shortening of
the sugar-phenol distances ~0.5 A at the point of ion pair formation,
consistent with Tt—cation stabilization, albeit at a distance of ~5-6 A.
Consistent with this reasoning, the aromatic residues (Tyr or Phe)
at position 387 were found to be essential for activity: removal of the
aromatic group by mutagenesis to Ala in SsPG-E387A resulted in a
protein with no activity (Supplementary Table 4).

The front-face mechanism therefore appeared to proceed via an
oxocarbenium ion-pair intermediate that, due to the greater steric
bulk of the active site upon tyrosine introduction, was largely pre-
vented from reacting with water to give the hydrolysis product.
Instead, an acceptor bound in the +1 subsite, preferentially stabi-
lized by the relocated Tyr322 residue, attacked the carbocation. The
enzyme scaffold provided a shaped protein box (primarily for the
donor) that was devoid of any catalytic residue but that nonetheless
provided stabilization and specified that reactants can only form
B-products. This reactivity and selectivity was provided, at least in
part, by the box’s favoring of particular conformers along the cor-
responding itinerary (Fig. 4b). Such a box is highly reminiscent
of the catalytic activity proposed for serine protease mutants that
lack their entire catalytic triad but nonetheless show rate accelera-
tions of ~10°-fold over background®. Notably, the box provided by
catalytic antibodies acting as glycosidases® that also lack partici-
pating residues are similarly highly hydrophobic and, indeed, less
efficient (rate accelerations of ~10°-fold over background; k_, =
0.007 min~*and Ky, = 0.53 mM) than the designed Syi synthase that
we have created here (rate accelerations of ~10°-fold over back-
ground; k, = 0.48 min—'and K, = 0.17 mM). It should be noted that
our Syi synthase was, in turn, a similar magnitude less active than
prior S2 synthases. Further future activity optimization might be
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considered through forced evolution strategies, for example. Given
the previously suggested®? conceptual kinship of some glycosyl units
and terpenes, it is interesting to note that our initial inspection of
known structures of terpene cyclase structures suggests promi-
nently placed aromatic side chains, akin to the role that is suggested
for Y387 here. Altogether, although there may be other causes for
the activities that we observed here, our combined results suggest
that the once seemingly improbable and rare same-face nucleophilic
substitution is a more broadly viable mechanistic possibility and
can be considered an accessible mechanism in the design of cata-
lysts for substitution®.

Received 22 April 2016; accepted 8 March 2017;
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METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version
of the paper.
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ONLINE METHODS

Materials. BL21(DE3)-competent E. coli cells and pET28a(+) vector were
purchased from Merck Bioscience (Nottingham, UK). TOP10 competent
E. coli cells were purchased from Life Technologies (Paisley, UK). Bradford
reagent concentrate was purchased from Bio-Rad (Hemel, Hempsted, UK).
Clostripain was purchased from Worthington Biochemicals Corporation
(Lakewood, NJ, USA). LB medium, kanamycin, and IPTG were purchased
from Melford (Ipswich, UK). Methyl B-p-galactopyranoside and 2,3,4,6-tetra-
O-acetyl-o-D-galactopyranosyl fluoride were purchased from Carbosynth
(Compton, UK). RapiGest SF reagent was from Waters, Ltd (Elstree, UK).
Recombinant Sulfolobus solfataricus B-glycosidase and mutants in pET24d in E.
coli strain BL21(DE3) were kindly provided by K.P. Corbett and A.P. Fordham-
Skelton (University of Durham). All chemical and biochemical reagents were
purchased from Sigma-Aldrich Chemical Co. unless otherwise noted.

Biological methods. H,O was purified using a Milli-Q Synthesis system
(Millipore), and was heat-sterilized before DNA applications. Agar plates were
poured and streaked in a MDH Microflow laminar flow cabinet using media
and equipment that had been sterilized in an autoclave at 121 °C for 20 min.
Solutions of IPTG (0.1 M) and kanamycin (50 mgeml') were filter-sterilized
through 0.2 um filters and stored at —20 °C. The final concentrations of kan-
amycin and IPTG in growth media, unless otherwise indicated, were 50 pgml-!
and 0.1 mM, respectively. All growth media were autoclaved at 121 °C for
20 min before use. Sequencing was carried out by the University of Oxford,
Department of Biochemistry DNA sequencing service on a ABI 377XL Prism
DNA sequencer. SsBG was sequenced using primers to the T7 promoter and
terminator sequences and the following internal primers:

Internal forward: 5-CGT AGG CAT ATG TAT AAC ATC

Internal reverse: 5-GGA ATG AGC TAT TAG C

Cloning the SsBG gene into pET28a(+). The gene of SsBG was originally
inserted in pET24d and was subcloned into pET28a(+). PCR reaction was
conducted using the following primers.

Forward: 5-GGTGGTCATATGTCATTTCCAAATAGC

Reverse: 5'-GGTGGTCTCGAGTTAGTGCC

The amplified WT SsBG insert was cleaned using a QIAquick gel extraction
kit (Qiagen, Manchester, UK) and digested to generated sticky ends using Xhol
and Ndel (both from Promega, Southampton, UK). The restriction digest was
carried out for 3 h at 37 °C.

The reaction mixture was electrophoresed on a agarose gel and the digested
DNA fragments were extracted. The purified insert was ligated to pET28a(+)
vector that was already digested with Xhol and Ndel. The ligation reaction
was effected by T4 DNA ligase (Promega) and conducted at 4 °C overnight.
TOP10 cells (25 pl) were transformed with ligation mixture (5 ul) by the
manufacturer’s standard protocol.

Site-directed mutagenesis. Site-directed mutagenesis of SsBG WT and further
mutagenesis of E387Y SsBG in pET28a(+) was conducted using QuickChange
IT Site-Directed Mutagenesis Kit (Agilent, Stockport, UK) following the
manufacturer’s protocol. Used primers were as follows (Mutagenic codons
are underlined):

E387Y:

Forward: 5-CTATATGTACGTTACTTACAATGGTATTGCGGATGA
TGCC Reverse: 5'-GATAATCGGCATCATCCGCAATACCATTGTAAGTA
ACGTAC

E206A:

Forward: 5'-CAATGAATGCACCTAACGTGGTGG Reverse: 5'-CAAC
GTTAGGTGCATTCATTGTTG

E387F:

Forward: 5-CTATATGTACGTTACTTTCAATGGTATTGCGGATGA
TGCC

Reverse: 5-GATAATCGGCATCATCCGCAATACCATTGAAAGTAA
CGTAC

Y322F:

Forward: 5-GGAGTTAATTATTTCACTAGGACTGTTGTG Reverse:
5’-CAGTCCTAGTGAAATAATTAACTCCAATCC
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E387A:

Forward: 5'-CTATATGTACGTTACTGCAAATGGTATTGCGGATGA
TGCC

Reverse: 5'-GATAATCGGCATCATCCGCAATACCATTTGCAGTAA
CGTAC

E. coli TOP10 cells (25 pl) were transformed with Dpnl digested PCR

products (1 pl) and the miniprep of mutated DNAs was conducted by the
manufacturers’ protocol. Resulting DNAs were sequenced and the mutagenesis
was confirmed.

Protein expression and purification. The plasmids coding for E387Y SsBG and
its further mutants inserted in pET28a(+) were used to transform E. coli BL21
DE3 cells. Transformed cells were grown overnight in 50 ml of LB medium
containing 85 pg/ml kanamycin. 2 L flasks containing LB medium (500 ml)
and kanamycin were prewarmed at 37 °C for 0.5 h and inoculated with 25 ml
of an overnight culture. The culture was grown at 37 °C at 200 r.p.m. until an
optical density (OD) of 0.6-0.9 (typically 1.5-2 h). Expression was induced by
the addition of IPTG (0.5 ml, 0.1 M) and grown for a further 5-6 h. Cells were
harvested by spinning at 9,000 r.p.m. in the JA10 Beckman rotor for 20 min at
4 °C. Pellets were stored at —20 °C. The frozen cell pellets were resuspended
in binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris pH 7.8). Cell
suspensions were sonicated on ice. This consisted of 3 x 15 amplitude micron
bursts of 30 s separated by 1 min intervals. The lysed cells were centrifuged at
10,000 r.p.m. in a JA20 Beckman rotor for 30 min at 4 °C. Lysates were filtered
through a Nalgene 0.2 um filter before protein purification.

The filtered supernatant was applied to a pre-equilibrated (binding buffer)
GE Healthcare 5 ml HisTrap Ni-NTA column on an Akta FPLC system (GE
Healthcare, Bucks, UK). The column was washed at 1 ml/min with 20 col-
umn volumes of the same buffer and then eluted with a linear gradient of
imidazole (10 mM to 500 mM over 25 column volumes) in binding buffer.
Protein was detected with an on-line detector monitoring A280 and column
fractions were collected and analyzed by SDS-PAGE. Fractions containing the
ca. 57 kDa protein were pooled. The protein was further purified by gel filtra-
tion. Using an Akta FPLC system, SsPG (~54 mg, 3 ml in 100 mM Tris-HCI,
pH 7.5) was loaded onto a Superdex 75 (320 ml) gel filtration column and
eluted with Tris—HCI buffer (100 mM, pH 7.5). Buffers were filtered and
degassed before use. Fractions were checked with SDS-PAGE and those con-
taining desired protein pooled. Pooled protein samples were dialyzed into
the appropriate buffer (2 L) overnight with two changes. The protein was
concentrated using Vivaspin centrifugal concentrator (Sartorius, Goettingen,
Germany). Protein concentration was determined by Coomassie Brilliant Blue
binding via absorption at 595 nm>!. N-terminal sequencing was performed
by the University of Oxford, Department of Biochemistry Immunochemistry
protein characterization service, using an Applied Biosystems Procise 494A
protein sequencer employing Edman degradation.

Circular dichroism (CD). CD spectra were recorded from 190 to 250 nm on a
Jasco J-720 spectropolarimeter using a 1 mm quartz cuvette. Samples contained
50 mM (or lower) sodium phosphate buffer, pH 6.5 and were approximately
0.2 mg/ml. The spectral background was subtracted from the data.

Protein mass spectrometry. SsPG and its mutants were analyzed by ESI-MS
in positive ion mode on a Micromass LCT mass spectrometer interfaced with
a Waters 2790 Alliance HT separations module using a Jupiter C5 5 um 300 A
150 x 2 mm i.d. column (Phenomenex, Macclesfield, UK). Before injection,
protein samples (20 pul, ~60 pM) were washed with H,O using spin concentra-
tors. Proteins were eluted at 0.2 ml/min by a gradient from Buffer A (0.1%
formic acid in 95% water, 5% acetonitrile) to Buffer B (0.1% formic acid in
95% acetonitrile, 5% water) as follows: 5% B for 3 min, increase to 100% B over
13 min, hold at 100% B for 2 min, decrease to 5% B over 1 min, hold at 5% B
for 6 min. The eluent was split 1:1 waste:mass spectrometer. The following MS
parameters were used: capillary voltage, 3,000 V; sample cone, 35 V; desolva-
tion temperature, 200 °C; source temperature, 80 °C; desolvation flow (N,),
425 Lh™Y; no cone flow; pusher cycle time, 94; and ion energy, 34 V; m/z scan
range 200 to 2,100; scan time, 1 s; interscan time, 0.1 s. The electrospray mass
spectra were processed using the Maximum Entropy method (MaxEnt1).
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Proteolysis reactions. Cyanogen bromide cleavage was conducted as follows.
Protein (0.5 ml, 1.69 mgeml!, 15 nmol; total methionine = 150 nmol)) was
concentrated to 25 pl and washed with H,O (3 x 300 pl) in a 500 pul spin con-
centrator (MWCO 10,000). HCI (100 pl, 0.1 M, 10 umol) was added to the
protein and nitrogen gas was bubbled through the solution for 2 min. CNBr
(2.9 ul, 5 M in MeCN, 15 pumol, 100 equivalent) was added and the reaction
mixture incubated in the dark at room temperature for 24 h. The mixture
was diluted with water (2 x 2 ml), freeze-dried, and resuspended in water
(125 pl) for MS analysis. For larger scale digestions, CNBr-digested peptides
were passed through a 20 ml G10 Sephadex column (VL11 x 250 mm) eluting
with phosphate buffer (pH 6.5) at 2-3 ml/min. A Bradford test determined
which fractions were collected and freeze dried.

Trypsin digests were conducted as follows: protein (0.3 mg) was concen-
trated, washed with H,0O, and was either (a) Incubated at 95 °C for 5 min
with 2% w/v RapiGest SF in NH,HCO, buffer (20 mM, pH 8.0)in a total
volume of 65 ul; (b) Incubated at 95 °C for 20 min in a total volume of
65 ul; (c) Incubated at 95 °C for 15 min in Tris—-HCI (50 mM, pH 8.0) con-
taining guanidine-HCI (6 M) and B-mercaptoethanol (4 mM) in a total
volume of 40 pl. Following heating, the solution was diluted with NH,HCO,
(180 pl, 20 mM, pH 8.0). Once cooled, sequencing-grade modified trypsin
(20 pg) in NH,HCO, (25 pul, 20 mM, pH 8.0) was added and incubated
at 37 °C overnight. The RapiGest SF detergent was removed by adding HCI
(10 pl, 0.5 M) and incubating for 0.5 h with at 37 °C. The resulting precipi-
tant was removed by centrifugation and the supernatant was injected directly
into the LC-MS.

Clostripain digests were performed as follows. HPLC purified CNBr-
generated peptides were re-suspended after lyophilization in incubation
buffer (85 ul). To this was added clostripain (0.1 mg) in re-suspension buffer
(5 ul) and activation solution (10 ul) and the mixture was incubated at 37 °C
overnight. Peptides were injected directly into the LC-MS.

Pepsin digests were performed as follows. WT SsBG (0.1 mg, 50 ul) was
digested by incubating with pepsin (10 ug) in sodium phosphate (20 pl, 2 M,
pH 2) for 1 h at room temperature. The solution was slowly neutralized with
NaOH (1 M) before ESI-MS analysis.

Semi-preparative scale HPLC purification of CNBr-generated peptides.
CNBr-generated peptides (100 pl, 116 uM) were injected onto a Jupiter C4
5 um 300 A column (150 x 4.6 mm i.d.) connected to a Waters 2790 Alliance
HT separations module, directly interfaced to a Micromass LCT mass spec-
trometer fitted with an ESI source. The peptides were eluted at 1 ml/min by
a gradient from Buffer A (0.1% formic acid in 95% water, 5% acetonitrile) to
Buffer B (0.1% formic acid in 95% acetonitrile, 5% water): 5.6% B for 5 min,
increase to 42.2% B over 25 min, increase to 100% B over 20 min, hold at 100%
B for 10 min, decrease to 5.6% B over 10 min, hold at 5.6% B for 10 min. A post-
column splitter was used to direct 85% of flow to the fraction collector, while
15% entered the mass spectrometer for analysis. Peptide elution was followed
by ESI-MS, in positive ion mode, using the same MS parameters as reported
for protein MS, except for m/z scan range, which was 200-2,500. Fractions
(1 ml) were collected and freeze dried for further digestion/analysis.

Peptide analysis by MS and MS/MS. Protein digestion mixtures were injected
onto a Jupiter C4 5 um 300 A capillary column (150 x 0.5 mm i.d.) con-
nected to an Agilent 1100 series capillary HPLC. The peptides were eluted at
15 pl/min by a gradient from Buffer A (0.1% formic acid in water) to Buffer
B (0.1% formic acid in acetonitrile): 10% B for 5 min, increase to 43% B over
25 min, increase to 95% B over 20 min, hold at 95% B for 10 min, decrease
to 10% B over 10 min, hold at 10% B for 10 min. UV absorption at 210 and
280 nm and positive ion mode ESI-MS (Q-TOF micro, Micromass) followed
peptide elution using the following parameters: capillary voltage, 3,000 V; sam-
ple cone, 35 V; extraction cone, 6 V; desolvation temperature, 150 °C; source
temperature, 80 °C; desolvation flow (N,), 150 Lh~}; m/z scan range, 400-2,000;
step size, 1 s; interscan time, 0.1 s. MS/MS data was obtained by selectively
introducing the precursor ion (mass triggered) into the collision cell and frag-
mentation was induced by collision with Ar using charge state recognition, cal-
culating the collision energy from the standard profile within MassLynx 4. The
resulting product ions produced were scanned over the range 100 to 3,000, scan
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time 1 s, and with 0.1 s interscan time. Product ion spectra were deconvoluted
using MaxEnt3 and de novo sequenced using PepSeq within MassLynx 4.

2,4-Dinitrophenyl 2-deoxy-2-fluoro-B-p-glucopyranoside labeling. To label
E387Y, E387F E387Y:E206A and E387Y:Y322F SsBG, 2,4-dinitrophenyl 2-
deoxy-2-fluoro-B-d-glucopyranoside (1.0 mg, 2.9 umol, 1,000 eq.) was incu-
bated with enzyme (0.20 mg, 3.5 nmol) in sodium phosphate buffer (200 ul,
50 mM, pH 6.5) for 3 d at 45 °C.

To label WT SsBG, 2,4-dinitrophenyl 2-deoxy-2-fluoro-f-d-glucopyranoside
(3.0 mg, 8.6 umol, 40 eq.) was incubated with enzyme (10 mg, 0.2 umol) in
sodium phosphate buffer (7.0 ml, 50 mM, pH 6.5). Complete conversion had
occurred after 24 h at 45 °C.

To determine whether E387Y SsBG activity was due to a contaminant,
the enzyme was incubated with 2,4-dinitrophenyl 2-deoxy-2-fluoro-f-d-
glucopyranoside (0.25-0.35 eq.) for 16 h at 45 °C and then measured for their
hydrolytic activity with p-nitrophenyl B-p-galactopyranoside.

Solvolysis of 2,4 dinitrophenyl 2-deoxy-2-fluro--p-glucopyranoside with
or without SSBG-E387Y was performed as follows. 2,4-dinitrophenyl 2-deoxy-
2-fluoro-B-p-glucopyranoside 16 (1 mg, 2.9 pmol, 1,000 eq.) was incubated
with E387Y-SSBG (0.2 mg, 3.5 nmol in 50 mM sodium phosphate, pH 6.5)
or buffer (50 mM sodium phosphate, pH 6.5) at 45 °C. The UV absorption
of DNP release was monitored at 405 nm on a 97-well SpectraMax Plus plate
reader (Molecular Devices, New Milton, UK). Graphs were drawn using
Graphpad prism software.

Test of glycation of SSBG-E387Y after incubating with 2-deoxy-2-fluoro-
p-glucose was performed as follows. 2-deoxy-2-fluoro-p-glucose (1 mg,
2.9 wmol, 1,000 eq.) was incubated with SSBG-E387Y (0.2 mg, 3.5 nmol) in
50 mM sodium phosphate, pH 6.5 at 45 °C. Aliquots of samples (20 ul) were
collected at different time points and analyzed by ES-MS.

Kinetic analyses. Kinetic parameters for glycoside hydrolysis were determined
as follows. The extinction coefficients of pNP and DNP were determined by
measuring the absorbance at various of concentrations (200 pl, 0.125 - 1 mM)
of each compound in 50 mM phosphate buffer at pH 6.5 at 405 nm. Substrate
concentration was plotted against absorbance and according to the Beer-
Lambert law, the gradients were equal to the extinction coefficient. R? values
were always greater than 0.99. The extinction coefficients of pNP and DNP
were 3,212 M~'ecm™" and 4,230 M~'ecm!, respectively.

p-Nitrophenyl glycosides were hydrolyzed at 45 °C in sodium phosphate
buffer (50 mM, pH 6.5). Assays were initiated by adding enzyme (10 pl; final
0.079 uM for W', 0.93 uM for SsBG) to substrate (190 pl, 0.0125 - 10 mM con-
centration range of substrate), and p-nitrophenol release was monitored at 405
nm on a 96-well SpectraMax Plus plate reader (Molecular Devices, New Milton,
UK). The initial rates were used and K}, and V,, were determined from curve
fitting, nonlinear regression using GraFit 4 (Erithacus Software). Errors in
kinetic parameters were calculated from the standard error of curve fitting.

In cases where the high K, and substrate solubility prevented determi-
nation of the Michaelis—Menten parameters, approximate k_/K,, was deter-
mined using the limiting case of the Michaelis—Menten equation at low
substrate concentration. Errors were determined from the s.d. of the rates and
protein concentration.

2,4-Dinitrophenyl 2-deoxy-2-fluoro-f-p-glucopyranoside labeling kinet-
ics were performed as follows. SSBG-E387Y (0.2 mg, 3.5 nmol) were incu-
bated with 2,4-dinitrophenyl 2-deoxy-2-fluoro-f-p-glucopyranoside (1 mg,
2.9 umol, 1,000 eq.) in sodium phosphate buffer (200 pl, 50 mM, pH 6.5)
at 45 °C. The UV absorption of the DNP released was measured, and aliq-
uots (10 pl) were added to p-nitrophenyl B-p-galactopyranoside (190 ul, 0.1
mM) in sodium phosphate buffer (50 mM, pH 6.5) to determine hydrolytic
activity over time.

Inhibition assays were performed as follows. Enzyme-inhibitor solution
(15 pl) was added to p-nitrophenyl glycopyranoside (185 pl, 2 - 0.05 mM) in
sodium phosphate buffer (50 mM, pH 6.5) at 45 °C, and p-nitrophenol release
was monitored at 405 nm. Inhibitor concentrations were varied from 0 to
0.1 M. Data were interpreted using Dixon plot analysis®.

NMR kinetics were performed as follows. Deuterated sodium phosphate
buffer (50 mM, pH 6.5) and enzyme solutions were prepared by lyophilizing
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and resuspending in D,0. The pH refers to that of the non-deuterated solution
from which the buffer was prepared.

SSBG-E387Y hydrolysis of 2-methyl-4,5-(2-deoxy-0i-p-glucopyrano)-A2-
oxazoline was examined as follows. 2-Methyl-4,5-(2-deoxy-0o.-p-glucopyrano)-
A’-oxazoline (final concentration 400 — 2.0 mM), was dissolved in SSBG-E387Y
solution (500 pl) in deuterated sodium phosphate buffer (50 mM, pH 6.5). NMR
spectra were collected at 45 °C on a Bruker Avance 500 spectrometer at 5 min
intervals, with referencing to an internal drop of dioxane. Integration of the ano-
meric peaks of the oxazoline and N-acetylglucosamine allowed the initial rates
of hydrolysis to be calculated. Background degradation was measured using the
same protocol, dissolving the oxazoline in deuterated buffer (500 ul).

NMR substrate hydrolysis kinetics for SSBG-E387Y were performed as
follows. p-Nitrophenyl 6-O-(B-p-galactopyranosyl)-B-p-galactopyranoside
(0.1 - 1 mM) in sodium phosphate buffer (50 mM, pH 6.5) was incubated with
WT (23 pg) or SSBG-E387Y (60 pug) at 45 °C for 5 and 25 min, respectively.
Protein was removed by a spin concentrator (MWCO 10,000), and samples
were freeze dried for NMR analysis.

pH dependence of enzyme activity. Enzyme solution (10 pL) was added to
p-nitrophenyl B-D-glycopyranoside (190 uL, 0.25/0.1 mM) at 45 °C in the
appropriate buffer for the given pH range (pH 2-5, 20 mM succinate; pH 5-7,
20 mM MES; pH 7-8, 20 mM HEPES; pH 8-11, 20 mM CHES). Reactions
were incubated for an appropriate time for the enzyme activity (SSPG-E387Y,
15 min; SSBG-WT, 5 min) and stopped by the addition of Na,CO, (50 ul, 1 M,
pH 11.0). Initial rates were calculated from the release of p-nitrophenol (405
nm). Apparent pK, values were determined by fitting the k., /K\, data as a func-
tion of pH using the following equation®:

(kcat] =(kcat] 1
_ —pK.
Kym obs Kym max 10PH 10 PRa2

I+ ——+——
-pKa1 -~ 1o~PH

10

HPLC analyses. For initial hydrolysis assays, the reaction mixture containing
p-nitrophenyl 3-p-galactoside (10 mM) and SsBG-E387Y (0.93 uM) in sodium
phosphate buffer (50 mM, pH 6.5) was incubated at 45 °C. 40 ul aliquots were
withdrawn at every 1 h interval and aliquots were immediately filtered using
Vivaspin centrifugal filter (Sartorius, MWCO 10,000). Each filter was washed
with 20 pl of distilled water. Volume was increased to 60 ul. A 5 ul portion of
the sample was injected into Phenomenex Luna NH, HPLC column on Dionex
UltiMate 3000 system (Dionex, Hemel Hempstead, UK). Analysis was per-
formed by eluting isocratic 70/30 acetonitrile/water at 1 ml/min flow rate.

Transglycosylation timecourse. To determine the time course of the reaction,
2 UM SsBG-E387Y (in 50 mM sodium phosphate buffer, pH 6.5) was incubated
with 10 mM 4-nitrophenyl 3-galactoside at 45 °C. 60 pl aliquots were with-
drawn at 15 min, 30 min, 45 min, 1 h, 3 h, 5 h and 6 h. Samples were filtered
using Vivaspin centrifugal filter (Sartorius, MWCO 10,000). A 5 ul portion of
the sample was injected into Phenomenex Luna NH2 column on Shimadzu
HPLC system. Samples were eluted in isocratic 80/20 acetonitrile/water solu-
tion at 1 ml/min and monitored at 305 nm.

Transglycosylation kinetic parameter determination. To determine the kinetic
parameters of SsPG-E387Y-mediated transglycosylation, 2 UM SsPG-E387Y (28
pl in 50 mM sodium phosphate buffer, pH 6.5) was incubated with substrate at
different concentrations for 6 h at 45 °C. 50 mM sodium phosphate buffer, pH 6.5
was added to make the final reaction mixture of 100 pl. Samples were filtered using
Vivaspin centrifugal filter (Sartorius, MWCO 10,000). 5 ul portion of the sample
was injected into Phenomenex Luna NH2 column on Shimadzu HPLC system.
Samples were eluted in isocratic 80/20 acetonitrile/water solution at 1 ml/min
and monitored at 305 nm. 4-nitrophenyl-f-galactoside and 4-nitrophenyl-3-
lactoside were used as standards to estimate approximate retention times for
mono- and di-saccharides (eluting at ~4.2 and 6.3 min, respectively).

From the reaction mixture samples, two major peaks were observed at reten-
tion time ~6 min corresponding to 1,3 and 1,6 products, and the concentrations

NATURE CHEMICAL BIOLOGY

of the products were determined using calibration curves for 4-nitrophenyl-
f-lactoside and UV-visible absorbance as measured by area under the curve
from chromatograms at fixed time points within the linear range, allowing
direct estimate of k., /K, using the low-substrate approximation. Under similar
conditions but with higher extremes of enzyme concentration (>5 uM), small
amounts of trisaccharide (typically < 5%) were also observed. In all cases, in
the absence of enzyme, no products were seen.

Protein crystallography. Commercial crystals screens (Crystal Screens 1 and
2; Additive screens, Hampton Research, Aliso Viejo, CA, USA) and the crystal
growth conditions for the previously determined crystal structure of WT-SsBG
(without heptahistidine tag) were used as starting points for crystallization
screening. Crystallization screens were made by combining stock solutions of
salts (1 M), buffers (1 M) and precipitant (50% w/v). All buffers were filtered
before use and stored in the dark.

Protein solution (2 ul) and reservoir buffer (2 pl) were mixed as a drop on
a cover slip, which was sealed with vacuum grease over wells containing res-
ervoir solution (200 pl). Wells were checked daily for the first week and every
3 d thereafter using a microscope connected to a digital camera.

To determine whether crystals were protein or salt, trace amounts of Izit dye
(Hampton Research) were added to crystal drops or crystals and were probed
with an acupuncture needle.

SSPG-E387Y rod-shaped crystals were produced after 2 weeks using sodium
acetate buffer (0.1 M, pH 3.25), ammonium acetate (0.2 M) and 20% (w/v)
PEG 4000 and 10 mg/ml E387Y SsBG in Tris (10 mM, pH 7.5).

Substrate soaking was carried out by transferring crystals to substrate solu-
tion (40 or 10 mM in reservoir buffer), adding tiny amounts of solid substrate
to the crystal drop, or by co-crystallization with substrate solutions made up
in reservoir buffer.

Crystals were cryo-cooled by plunging into liquid nitrogen, and X-ray data
were collected at 100 K using a nitrogen stream. Cryo-protection was accom-
plished by transferring crystals to 30% glycerol, 30% (w/v) glucose or 30%
(w/v) gentiobiose in reservoir buffer, before flash freezing. The “in-house”
machine refers to a MAR Research image plate detector (345 mm) mounted
on a Rigaku RU200 rotating anode generator operating at 3.9 kW with Cu K|,
radiation and equipped with Osmic mirrors, in the Laboratory of Molecular
Biophysics, University of Oxford. Data were collected at 100 K on beamlines
9.6 and 10.1 at the Synchrotron Radiation Source Daresbury, Warrington using
ADSC Quantum-4 CCD and MarCCD 165 detectors, and at EMBL beamline
X11 at the DORIS storage ring, Hamburg using a MarCCD 165 detector.

The structures were solved by molecular replacement with MOLREP*
using the SsBG-WT crystal structure (PDB ID: 1IGOW)? as a search model.
Molecular replacement was followed by rigid body refinement in REFMAC5
(ref. 58), and the sequence was corrected by manual building in XtalView®.
Structures were refined using REFMACS, including TLS refinement. 5% of
the reflections were excluded for calculation of Rg,.. Strong noncrystallo-
graphic symmetry restraints were imposed for the four or eight molecules
within the asymmetric unit. Water molecules were added automatically
using ARP/WARP® and checked manually. The models were validated by
PROCHECK® and WHAT_CHECK?®. No substrate or inhibitor molecules
were observed in the electron density maps for these structures. Data collection
parameters and refinement statistics are given in Supplementary Table 6.

Three of the highest resolution data sets, collected at a wavelength of
0.87 A at SRS Daresbury beamline 9.6, in space group P2,2,2, were reproc-
essed using XIA2 (ref. 63) to generate an apo E387Y data set with a resolution
of 2.16 A. The apo E387Y structure was solved by molecular replace-
ment with Phaser® using the same search model as above. This model was
optimized by iterative cycles of manual building using the graphics program
Coot® and refinement as implemented in phenix.refine®. MolProbity®” was
used to validate the final model; the all-atom clashscore is 0.84 and the per-
centage of residues in the favored regions of the Ramachandran plot is 97.3%.
The crystallographic data have been deposited in the Protein Data Bank
as entry 513D.

Structural alignment. Structural comparisons and superimpositions were
made with the program Coot® using the default parameters and figures were
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prepared using PyMOL. First, a ligand was modeled into the active site of
SsPG-E387Y by structural alignment of the protein with that of the SsBG-WT*
complexed with p-galactohydroximolactam (PDB ID: 1TUWT). Although this
modeled structure differed in the absolute location of the sugar atoms in the
crystal structure, the space occupied by the substrate was identical. Therefore,
the E387Y SsBG active site still has sufficient space and binding interactions to
interact with a sugar substrate in exactly the same manner as WT SsBG. This is
consistent with the very similar K, values for p)NPGal and pNPBGIc substrates
for WT and SsPG-E387Y (Supplementary Table 2). These results implied that
it might be informative to overlay the structure of SsBG-WT in complex with
p-galactoximolactam and SsBG-E387Y, as the substrate location in SsPG-
E387Y was likely to be similar. The overlay of the p-galactohydroimolactam
inhibitor in the SsPG-E387Y structure (Supplementary Fig. 10) confirmed
multiple potential contacts between the active site and substrate. Many residues
are within 3 A, permitting useful binding interactions and allowing most of the
interactions observed in SsBG-WT-substrate complex to persist.

Computational studies. The initial protein structure for the simulation was
taken from the X-ray crystal structure of the SspG-E387Y mutant (PDB ID:
5I3D). Two molecules of pNPGal were manually placed at the entrance of the
enzyme catalytic groove, at distances of 12 and 20 A, respectively, from resi-
due Y387. The protonation states and hydrogen atom positions of all ionizable
amino acids residues were selected based on their hydrogen bond environ-
ment. Eleven histidine residues were modeled in their neutral states, while the
rest were modeled in their protonated states. All the crystallographic water
molecules were retained and extra water molecules were added to form a 10 A
water box around the protein surface. Three sodium ions were added to neu-
tralize the enzyme charge.

Molecular dynamics (MD) simulations of the enzyme (E387Y mutant) in
complex with two molecules of pNPGal were performed with the Amber10
software package®®. The protein was modeled with the FF99SB force field®,
whereas all carbohydrate molecules were modeled with the GLYCAMO6 force
field”°. The partial charges for the aglycon leaving groups were obtained using
a RESP fit to a HF/6-31G* calculation, which was performed with the Gaussian
03 software package. The MD simulations were carried out in several steps.
First, the system was minimized, maintaining the protein and both substrate
molecules fixed. In a second step, the entire system was allowed to relax. Weak
spatial constraints were initially added to the protein and substrates to gradu-
ally reach the desired temperature of 300 K, while the rest of the system was
allowed to move freely. The constraints were subsequently removed and the
system was subjected to 100 ps of constant pressure MD simulation to adjust
the density of the water environment. After the equilibration process, 200 ns
of constant volume MD simulation was performed. During this time, one
of the two pNPGal molecules partially entered the catalytic groove, whereas
the other one remained at its entrance. In particular, one pNPGal molecule
accommodates near the —1 subsite (at ~8 A from the catalytic residues) and
the second one remains far from it (more than 20 A). As complete entrance of
the two molecules in the active site did not occur during the 200 ns timescale
window, it was subsequently activated using an enhanced sampling methodol-
ogy (metadynamics*7!).

A snapshot of the equilibrium MD simulation was taken for the meta-
dynamics simulations, which were performed with the NAMD2.9 soft-
ware’2. Two collective variables were chosen (Supplementary Fig. 15).
The first one (CV,) was taken as the distance between the center of mass
of the Gal ring of the inner pNPGal molecule and the center of mass of a
few residues defining the —1 enzyme subsite (Tyr387, Trp425 and His150,
as identified in structural studies of WT SsBG in complex with inhibitors
and PDB ID: 1UWT). Thus, this collective variable measures the degree of
penetration of the first pNPGal molecule into the active site. This pNPGal
molecule will act as the donor of the transglycosylation reaction. The sec-
ond collective variable (CV,) was taken as the distance between the gly-
cosidic oxygen (O1) of the donor and the terminal hydrogen atom of the
hydroxymethyl substituent of the outer pNPGal molecule (the acceptor of
the transglycosylation reaction). Therefore, CV, accounts for the formation
of a O1-H interaction. In other words, it measures the distance between the
donor and acceptor molecules. The values of the height and width of the
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Gaussian-like biasing potential were selected as 1.0 kcal/mol and 0.15 A,
respectively. A new Gaussian-like potential was added every 2 ps. Reflective
walls were placed at proper distances (15 A in CV, and 25 A in CV,) to avoid
sampling of the ligands in a fully solvated environment with loss of the sub-
strate-protein interactions. The simulation was continued until the system
completely explored the free energy surface (Supplementary Fig. 16), which,
in terms of the simulation time, corresponds to approximately 100 ns.

An additional metadynamics simulation in which CV, accounts for the for-
mation of the 1,3 bond (by smoothly biasing the distance between O1 and H3")
led to a ternary complex that can be considered as precursor of the 1,3-linkage
product. Interestingly, the acceptor pNPGal enters the binding site in a different
orientation with respect to the previous simulation, resulting in a different pose
in the active site (Supplementary Fig. 17). Nevertheless, the hydroxyl group of
the acceptor is quite fixed in the active site in both cases and the donor sugar is
stabilized by CH-r interactions engendered by Y387. In the case of the 1,6 pre-
cursor (Supplementary Fig. 17b), the acceptor aglycon makes a -7 interaction
with Y322, whereas in the case of the 1,3 pathway (Supplementary Fig. 17a),
the acceptor places the aglycon away from Y322, which enables the formation of
sugar-7t (CH-) interactions between the acceptor sugar and the donor aglycon.
Thus, in both cases the sugar makes use of m-m and sugar-7 interactions to
stabilize the substrates in the optimum orientation for catalysis.

Quantum mechanics/molecular mechanics (QM/MM)-based metadynamics
were used to model a transglycosylation reaction leading to the major 1,6-linked
product using a QM/MM method” that combined ab initio (Car—Parrinello)
molecular dynamics™, based on density functional theory (DFT), with classical
molecular dynamics, which is based on the use of a force field, as implemented
in the CPMD code (http://www.cpmd.org). The QM region was chosen as
to include both p-nitrophenyl glycosides (72 atoms) and was enclosed in an
isolated 18 x 18.5 x 18.5 A supercell. Kohn—Sham orbitals were expanded in
a plane-wave basis set with a kinetic energy cutoff of 70 Ry. Troullier—Martins
ab initio pseudopotentials with dispersion-corrected atom-centered potentials
(DCACPs)” were used for all elements. The PBE functional in the generalized
gradient-corrected approximation of DFT was used. Structural optimizations
were done by MD with annealing of the ionic velocities until the maximal
component of the nuclear gradient was <5 x 104 a.u. A constant tempera-
ture of 300 K was reached by coupling the system to a Nosé-Hoover thermo-
stat’. A time step of 0.12 fs and a fictitious electron mass of 650 a.u. for the
Car-Parrinello Lagrangian were used. The metadynamics algorithm”" was
used to model the enzymatic reaction and to reconstruct the free energy
landscape of the transglycosylation. First of all, the structure of the products
complex was obtained by steered MD, dragging the system toward a stable con-
figuration by pulling four collective variables (C1-OpNP, C1-O6, OpNP-H and
06-H). The products structure (E387Y SsPG in complex with GaP1,6GaBpNP
and pNP) was further equilibrated for 10 ps of QM/MM MD simulation, in
which no substantial changes of the active site or the protein structure were
observed. Subsequently, a metadynamics simulation to obtain the reaction
pathway was initiated. Three collective variables containing the main bonds
undergoing breaking or formation were used (Supplementary Fig. 18). The
first collective variable (CV,) was taken as the distance between the donor ano-
meric carbon (C1) and the acceptor O6 atom. Thus, this variable measures the
degree of formation of the new glycosidic bond. The second collective variable
(CV,) was taken as the distance between C1 and the leaving group oxygen (O1),
thus this CV accounts for the departure of the leaving group. Finally, the third
collective variable (CV,), taken as the difference in coordination number (CN)
of the O6-H and O1-H bonds, measures the extent of proton transfer between
the acceptor and the pNP moiety. The following definition of CN is used:

where d; is the internuclear distance of the atoms involved, d, is the threshold
distance for bonding, and p and g are exponents that determine the steepness of
CNj; decay with respect to d;. CN values range from 0 (no bond) to 1 (a bond). The
values for the CN parameters were selected as d, = 2.50 a.u., p = 12, and g = 4.
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An extended Lagrangian version of the metadynamics method was used”.
The selected mass values of the fictitious particles were 2 a.m.u. (CV, and CV,)
and 1 a.m.u. (CV,). A force constant value of 20 a.u. was taken for all CVs. The
height of the Gaussian terms was set to 2.0 kcalemol ™ and the width was set to
0.3 a.u., 0.4 a.u. and 0.1 arbitrary units for CV,, CV, and CV, respectively. A
new Gaussian-like potential was added every 200 MD steps and the simulation
was stopped after one recrossing of the TS. Approximately 940 Gaussian hills
were added during the metadynamics simulation. To confirm the stability of
the oxocarbenium ion pair, two snapshots corresponding to this intermediate
were optimized by annealing of the atomic velocities, using a threshold for
nuclear gradients of 5 x 10~* a.u. (maximum component). The oxocarbenium
ion-pair state was stable in all optimizations, featuring a planar geometry at the
anomeric carbon (the C5-O-C1-C2 dihedral angle is close to zero, characteris-
tic of a sp? hybridization). Afterwards, ten independent QM/MM MD simula-
tions of 15 ps starting with random velocities were performed. Of these, two
evolved to the reactants state and one evolved toward products at =4 ps. The
oxocarbenium ion-pair state was stable during the whole simulation time in
the remaining seven simulations. These results confirm that the oxocarbenium
ion-pair state is an intermediate of the reaction, with a lifetime > 15 ps.

To further validate our model, an additional metadynamics simulation
was designed considering an alternative mechanism in which E206 acts as a
nucleophile, forming a glycosyl-enzyme intermediate. Both pNPGal molecules
and the E206 residue (up to the Cf atom) were included in the QM region. As
in the previous case, three collective variables were used. The first collective
variable (CV,) was taken as the distance between the donor anomeric carbon
(C1) and one oxygen atom of the nucleophile E206 residue. Thus, this vari-
able measures the degree of formation of the new glycosidic bond. The second
and third collective variables were the same as the ones described above, as
well as the metadynamics setup (hills width, height and deposition time).
The metadynamics simulation was run for =10 ps (416 deposited Gaussian
functions). Although a glycosyl-enzyme covalent intermediate was sampled
(Supplementary Fig. 21), it does not correspond to a minimum of the FES and
it is very high in energy (32 kcal/mol, involving an energy barriers of the same
magnitude along the reaction pathway). Therefore, our results show that E206
cannot act as a nucleophile in a double-displacement reaction.

Statistical methods. Kinetic parameters were analyzed through either nonlin-
ear regression using the Michaelis—-Menten equation or linear regression using
the Lineweaver-Burk equation. Apparent pK, values were analyzed through
nonlinear regression using the pH-dependent k.,/K,, equation. All data fitting
were carried out using GraFit 7.0 (Erithacus Software). Data were typically col-
lected from two or three individual experiments, and all regressions generated
standard errors of means (s.e.m.).

Data availability. The data that support the findings of this study are available
in the Supplementary Information and from the corresponding author upon
reasonable request. X-ray crystallographic data that support the findings of
this study have been deposited in the Protein Data Bank with the accession
codes 513D.
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