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Abstract (~350 words)

Sni or Syi-like mechanisms, in which leaving group departure and nucleophile approach occur
on the same ‘front’ face, have been observed previously experimentally and computationally in
both the chemical and enzymatic (glycosyltransferase) substitution reactions of a-glycosyl
electrophiles. Given the availability of often energetically comparable competing pathways for
substitution (Sni vs Sn1 vs Sn2) the precise modulation of this archetypal reaction type should
be feasible. Here, we show that the drastic engineering of a protein that catalyzes substitution,
a retaining B-glycosidase (from Sulfolobus solfataricus SSPG), apparently changes the mode
of reaction from “Sy2” to “Sni”. Destruction of the nucleophilic Glu387 of SSEG-WT through
Glu387Tyr mutation (E387Y) created a catalyst (SSPG-E387Y) with lowered but clear
transglycosylation substitution activity with activated substrates, altered substrate and reaction
preferences and hence useful synthetic (‘synthase’) utility by virtue of its low hydrolytic activity
with unactivated substrates. Strikingly, the catalyst still displayed retaining p-stereoselectivity,
despite lacking a suitable nucleophile; pH-activity profile, mechanism-based inactivators and
mutational analyses suggest that SSPG-E387Y operates without either the use of nucleophile
or general acid/base residues, consistent with an Sni or Syi-like mechanism. An x-ray structure
of SSBG-E387Y and subsequent metadynamics simulation suggest recruitment of substrates
aided by a m-sugar interaction with the introduced Tyr387 and reveal a QM/MM free energy
landscape for the substitution reaction catalyzed by this unnatural enzyme similar to those of
known natural, Syi-like glycosyltransferase (GT) enzymes. Proton flight from the putative
hydroxyl nucleophile to the developing p-nitrophenoxide leaving group of the substituted
molecule in the reactant complex creates a hydrogen bond that appears to crucially facilitate

the mechanism, mimicking the natural mechanism of Syi-GTs. An oxocarbenium ion-pair



minimum along the reaction pathway suggests a step-wise Syi-like Dn*Anss rather than a
concerted Snyi DNAn mechanism. This first observation of a front face mechanism in a (3-
retaining glycosyl transfer enzyme highlights, not only that unusual S\i reaction pathways may
be accessed through direct engineering of catalysts with suitable environments, but also
suggests that ‘B-Sni’ reactions are also feasible for glycosyl transfer enzymes and the more

widespread existence of Syi or Syi-like mechanism in nature.



Introduction (~500 words)

Since Sinnott and Jencks seminally demonstrated front-side (same face) nucleophilic attack in
chemical, a-glycosyl transfer substitution,’ the possibility of the wider existence of such an
unusual mechanism has been rarely but carefully considered.? * Such a front-side mechanism
has been invoked to explain the seemingly unusual behavior 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).4 Whilst typically-observed ‘chemical’ nucleophilic substitution
involves likely intermediacy of solvent exposed and accessible reactions centers, even for
such reactions, Syi-like mechanisms, facilitated by assisted delivery of the nucleophile to the
electrophile, are observed.® 7 In proteins, more constrained environments (and possible

alternative pathways) exist. Structures of several retaining GTs®"

show positioning of
substrates, leaving group and nucleophile in positions suitable for front-face mechanisms.? '
Recently, we have provided experimental evidence that supports the operation of a front-
face mechanism in the retaining GT trehalose-6-phosphate synthase (OtsA)13 consistent with
detailed computational QM/MM metadynamics simulations.” These were followed by an
experimental and computational study of glycosyl transfer in solution chemistry, indicating that
the solvolysis of a-glucosyl fluoride in hexafluoro-2-propanol, a non-nucleophilic environment,
also follows a front-face mechanism.” Subsequent QM/MM studies on the retaining GTs
lipopolysaccharyl a-galactosyltransferase C (LgtC),™ a-1,2-mannosyltransferase
Kre2p/Mnt1p,"® polypeptide GalNAc-transferase T2 (GalNAc-T2)'"" '® and glucosyl-3-
phosphoglycerate synthase (GpgS)' have further contributed to disentangle the molecular

details of the frontal face mechanism for these a-selective retaining GTs.* Very recently, the

functionally essential Notch-modifying xylosyltransferase has also been suggested 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, when considering the
importance and ubiquity of glycosyltransferases. Thus far, no -selective retaining reaction has
been observed. One apparent crucial feature of the a-selective mechanism suggested in these
studies (Scheme 1) 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 to do so in a protective manner that allows sufficient
lifetime for oxocarbenium ion-like intermediates. 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 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 pKa) that, in principle, could be engineered rather than
simply observed. Here we demonstrate that the front-face reaction is operative not only in
retaining GTs but can also be created in engineered GHs through the exploitation of such
features. Selection of a suitable, robust GH scaffold creates an enzyme with highly specific
transglycosylation activity capable of stereospecific creation of p-glycosidic linkages from
activated p-donors such as p-nitrophenyl glycosides, and incapable of hydrolyzing the
unactivated glycosidic linkages in the product. Mechanistic investigations (including kinetic,
biochemical, mutagenic, structural and computational studies) suggest that this novel,
unnatural ‘synthase’ utilizes front-face nucleophilic substitution, similar to that proposed for
retaining GTs. To the best of our knowledge, this is the first description of a frontal face

mechanism of a 3-retaining enzyme.



Results and Discussion (~3200 words)
Design and Creation of a Nucleophile-free GH. The robust and representative GH family
1 scaffold was chosen as a protein platform for design. The retaining B-glycosidase from

20.21 gplvents?? and even under

Sulfolobus solfataricus (SSPG) has shown stability to mutation,
typically denaturing conditions.?* 2* Prior nucleophile-free mutants bearing smaller residues
than the natural Glu387 (e.g., Gly387%°) have been shown to act as classical, inverting

2628 with suitable (a-glycosyl fluoride) substrates.?® In contrast, our initial

glycosynthases
modeling suggested that to ensure sufficient protection and putative stabilizing interactions
and yet small enough to be accommodated, only certain bulkier residues (e.g. Tyr, Phe) would
prove suitable. Tyr387 was therefore chosen and site-directed mutagenesis of SSEG-WT,
yielded stable, folded, soluble protein SSPG-E387Y, C-terminally-His-tagged to allow
exhaustive nickel affinity chromatography (Supplementary Figure 1) giving good protein
yields of ~28 mg per L of growth. N-terminal sequencing, LC-mass spectrometry (ESI-MS,
found 57,450; expected 57,447 Da) (Supplementary Table 1) and circular dichroism (CD)

analysis (Supplementary Figure 2) confirmed identity and unaffected secondary structure,

respectively.

The Glu387Tyr Nucleophile-Mutant Displays Altered Catalytic Activity. By design, para-
nitrophenoxide (pKan ~7)*° with a similar pKa to those of UDP (pKawi ~7, pKanz ~9) was
chosen as a suitable leaving group for our putative ‘activated’ substrates. Determination of the
kinetic parameters (Table 1) of SSPG-E387Y towards p-nitrophenyl B-D-glycosides and
comparison with SSBG-WT revealed reduced but clear activity towards pNPBGlc and pNPpGal
substrates. Consistent with the loss of SSBG-WT’s nucleophilic Glu387 residue, the decrease
in activity was manifested exclusively in Kkeat. Notably, substrate selectivity (as judged by
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kecat/Km) was reversed from Gal:Glc = 1:1.6 in SSBG-WT to 3:1 in SspG-E387Y, a ratio that
more closely reflects inherent, chemical reactivity of Gal vs Glc.*® Interestingly, tyrosyl
residues are observed in similar positions to Tyr387 in glycosidase enzymes that exploit
substrate-assisted catalysis, such as the hexosaminidases.®' These are thought to stabilize
the formation of corresponding oxazolinium ion intermediates. However, SspG-E387Y
displayed no hexosaminidase activity either towards pNPBGIcNAc or even corresponding
activated oxazoline substrates (2-methyl-(1,2-dideoxy-a-D-glucopyrano)[2,1-d]-A%-oxazoline)
(Supplementary Figure S3). Consistent with the designed requirement for a suitable
activated leaving group, SsBG-E387Y failed to hydrolyze either methyl 3-D-galactopyranoside

(MeGal) or p-nitrophenyl 6-O-(B-D-galactopyranosyl)-p-D-galactopyranoside (pNPGal1,6Gal).

Incubation with mechanism-based inhibitor®®> 2 4-dinitrophenyl 2-deoxy-2-fluoro-p-b-
glucopyranoside (see Supplementary Methods and Discussion) with no significant effect
discounted the possibility of activity arising from SspG-WT or other (e.g. endogenous
expression host E. coli) glycosidases that use nucleophilic catalysis. It also intriguingly
suggested that this altered catalytic activity of SspG-E387Y was no longer nucleophile-
dependent (vide infra). When SsBG-E387Y was thermally denatured (16-20h at 45°C) all

activity was lost, implying that native protein conformation is required for its catalytic activity.

SSBG-E387Y is a ‘Synthase’. Given this striking selectivity for activated substrates, with
negligible activity towards the hydrolysis of unactivated glycosides (and hence potential
products), SSBG-E387Y suggested itself as a potentially useful catalyst for glycosidic bond
formation from activated pNP substrates. A range of representative monosaccharides as

nucleophilic acceptors were surveyed under different conditions (Table 2).



Non-aromatic sugar acceptors were not processed to any significant extent by SspG-E387Y,
resulting in reactions that instead primarily gave GalpGalpNP disaccharidic products (Table 2,
entries i-viii), suggesting a strong preference for utilizing GalpNP as an acceptor. This
observed preference for aromatic sugar acceptors is consistent with aromatic stacking
interactions in the + 1 or + 2 acceptor pockets used by the GH naturally for binding
oligosaccharide substrates.®® ** Indeed, aromatic Galp, Glcp and Mana glycosides all proved
to be suitable nucleophile substrates (Table 2, entries ix-xii). Unlike several other synthases,
under these conditions trisaccharides and higher or branched oligosaccharides (from
uncontrolled ‘self condensation’) were not synthesized in measurable amounts; these are

normally isolated in reactions catalyzed by classical glycosynthases®>’

including, notably, a
variant derived from SspG.? Only under more extreme conditions were small amounts of
trisaccharides observed (see below and Supplementary Methods). 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 isolated. Notably, all
transglycosylation reactions displayed exclusive, retentive 3-stereoselectivity.

Having demonstrated initial synthetic potential, the synthetic application was explored in a
model reaction of donor pNPGal with acceptor PhGlc (Supplementary Table S4). Strikingly,
variation of conditions allowed the improvement of the synthesis(S):hydrolysis(H) ratio to up to
>99. Under these conditions, the enzyme is both selective and essentially, exclusively
synthetic, yielding PheGlc1,6Gal as the predominant product in >70% isolable yield with only
the formation of smaller amounts of trisaccharides as side products (Table 2, entry xiii). In
control experiments under essentially identical conditions, SspG-WT simply hydrolyzed the
donor sugar and gave none of the desired synthetic product. No transglycosylation activity was

observed using a-D-galactopyranosyl fluoride donor and representative acceptors: SspG-
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E387Y does not process donor substrates with a-anomeric configuration, thereby confirming
that SspG-E387Y does not act as a classical glycosynthase. Notably, in comparison to
reactions catalyzed by glycosidases, which typically give transglycosylation yields from 20-
40%,"” the general yields of transglycosylation products synthesized with SspG-E387Y
(several > 80%) were high and only rivaled by some of the more potent glycosynthases.*’
Although it should be noted that estimated transglycosylation rates (kca/Km ~ 0.0052 — 0.025
min'mM™) are ~ 2,000-fold lower compared to classical glycosynthases (see below for further

details).

Mechanistic Analysis: SsfG-E387Y does not require a nucleophile or a general
acid/base. This useful transglycosylation / ‘synthase’ activity again highlighted the differing
mechanism of SspG-E387Y and suggested comparison with natural, trans-glycosidases. The
trans-sialidase from Trypanosoma cruzi of GH family 33 utilizes a tyrosine residue as a
nucleophile,*? and although modeling and design (vide supra) 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, SspG-E387Y was incubated with DNP-2FGIc*? (1000
equivalents, 45°C, pH 6.5 50 mM sodium phosphate buffer) and analyzed by LC-MS (Figure 1
and Supplementary Figure S3). Over 6h, no change in SsBG-E387Y’s hydrolytic activity was
observed. Concomitant monitoring of DNP release (absorbance at 405 nm) revealed no
acceleration over uncatalyzed chemical DNP-2FGlc hydrolysis. Agrobacterium faecalis f-
glucosidase can form a stable a-D-glucopyranosyl tyrosine product at non-relevant Y298 upon

mutation of the active site nucleophile;** peptide ‘mapping’ did not show trapping of Tyr387.
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Neither proteolytic (trypsin, pepsin, thermolysin, clostripain)-MSMS and/or CNBr-cleavage-
MSMS (including neutral loss analysis of the 2FGIc moiety) indicated peptides with attached
2FGlc moieties (Supplementary Figures S5,S6,S7), even though the coverage of this
‘mapping’ successfully included peptides containing Y387 (and E206) as putative trapping
sites. In control experiments, under essentially similar conditions, SspG-WT was successfully
labeled (Supplementary Figure $8-S10). Together these results suggested that Tyr387 (or
even Glu206) was not acting as a catalytically nucleophilic residue in SspG-E387Y (and that
observed mass changes in the total protein MS were distributed non-specifically at low
abundance over multiple non-specific locations that could not be detected by proteolytic-
cleavage-MSMS 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 SspG were
constructed (Table 3). Their identities (primary and secondary structure) were confirmed by
ESI-MS (Supplementary Table S1) and CD analysis (Supplementary Figure S2).

None of these mutations caused a dramatic loss of function; indeed, the similar activities of
SspG-E387Y, -E387F, -E206A:E387Y, and -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 (vide supra) the additional mutation of the
acid/base residue (Glu206) along with that of nucleophile (Glu387) to give SspG-
E206A:E387Y had no detrimental effect on activity; in the catalytic mechanism a general
acid/base catalyst is also apparently not required, consistent with design (Scheme 1). This is

also consistent with the observation that the basic limb of the pH profile of SsBG-E387Y was
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also shifted ~0.6 pKa units to a value similar to that for para-nitrophenol (Supplementary
Figure S11).

Finally, transglycosylation kinetics were determined for SsBG-E387Y with a range of
substrates (Supplementary Table S2 and Supplementary Figure 12). Notably, both activity
(as judged by kqat/Km) and regioselectivity (1,6 vs 1,3, Supplementary Figure 12b) varied with
leaving group; tentative linear free energy analysis (Supplementary Figure 13) reveals a
small B value (-0.049), consistent with computational analysis suggesting a step-wise
mechanism with a higher barrier for the collapse of oxocarbenium-ion intermediate than that

for leaving group departure (vide infra).

Structural Determinants of Catalysis in SsfG-E387Y. To further probe the mechanism of
SsBG-E387Y, the apo x-ray crystal structure of SspG-E387Y was successfully determined
(Figure 2a and Supplementary Figure S13, Supplementary Methods and Supplementary
Table S3) and compared to the previously reported SsBG-WT structure.?* Despite the
mutation, the structures can be superimposed with very little divergence; the r.m.s. deviation is
0.26 A as calculated using 486 Ca positions. Essentially in the active site, only 2 amino acids
have shifted significantly as a result of the mutation i.e. Tyr322 and His342 (Figure 2a).
Attempts to generate holo structures in complex with either substrate 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 SspG-WT*
complexed with D-galactohydroximolactam (pdb: 1uwt) (Supplementary Fig. S14). The SspG-
E387Y active site is very similar to that of SspG-WT (Figure 2a), consistent with the similar
Km values obtained for pNPfGal and pNPBGIc substrates for SspG-WT and SspG-E387Y
SspG (Table 1).
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A combination of classical molecular dynamics and metadynamics techniques were used to
model a ternary Michaelis complex of SspG-E387Y with two molecules of pNPBGal, as
putative acceptor and donor substrates corresponding to one of the observed synthase
activities (vide supra). In a first step, the two molecules were manually placed at the entrance
of the enzyme catalytic groove (see Supplementary Methods). After 200 nanoseconds of
molecular dynamics (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 Figure S16a). Further MD simulation did not lead to significant change,
indicating that complete entrance of the two molecules is associated with a certain 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 SspG-E387Y. The first (CV4, Supplementary
Figure S17 and Supplementary Discussion) measures the degree of penetration of the first
pNPBGal molecule (as the donor) into the active site; the second (CV;) accounts for the
formation of a O1:--H’ interaction, i.e. it measures the distance between the donor and
acceptor molecules.

The free energy landscape (FEL) of ligand binding obtained from the classical
metadynamics simulation (Supplementary Figure S16c) shows an energy minimum (the
global one) in which the two pNPBGal molecules are inside the enzyme active site (the ternary
complex, shown in Figure 2c). Analysis of the water content around the active site shows that
a number of water molecules are displaced during binding (13 = 4 from a region of < 5 A from
Y387 and Y322). Among the remaining water molecules, there are two that are located within
5 A of the donor anomeric carbon. Although these water molecules are not well oriented for

catalysis, they could account for the observed residual hydrolysis. Close examination of the
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orientation of the two molecules in the active site reveals that the hydroxymethyl group of the
acceptor molecule is located on the same face of the donor sugar as the p-nitrophenyl group
(i.e. the leaving group) of the donor molecule. This is an optimum topology for a front-face
mechanism, which could ultimately lead to a transglycosylation product with net retention of
configuration. The terminal hydrogen atom of the acceptor hydroxymethyl group points
towards the glycosidic oxygen of the donor molecule, favoring the formation of a 1,6-glycosidic
linkage, consistent with the observed regiochemical preferences of SsBG-E387Y. This
hydrogen bonding interaction may provide a guide for the nucleophile to the same face as the
leaving group, akin to interactions observed in retaining “Syi-like” GTs.'* ' Furthermore, this is
consistent with the intended, designed role of the leaving group glycosidic oxygen as a general
base that deprotonates the incoming protic OH-6-hydroxyl (Scheme 1). It is also consistent
with the non-detrimental effect on activity of the removal of the general acid/base residue
(Glu206) in SsBG-E387Y:E206A; in SsBG-E387Y with pNPGal the phenolic base appears
sufficient to deprotonate the incoming hydroxyl nucleophile.

There are crucial substrate-protein interactions (Figure 2b) that contribute to the stability of
the above “front-face arrangement”. First of all, Tyr387 forms stabilizing donor sugar---1
interactions*® (sugar hydrogen atoms point towards the center of the Y387 phenol ring, with
distances < 3 A, Figure 2c), consistent with the overlay of the starting apo SsBG-E387Y x-ray
crystal structure with the SsBG-WT-inhibitor complex (Supplementary Figure S$14). Second,
Tyr322 has swung to form 1r---11 stacking interactions with the acceptor pNPGal moiety (the
distance between carbon atoms of both six-membered rings amounts to ~ 3.5 A). This, in turn,
appears to position the OH-6-hydroxyl group in an optimum orientation to attack the anomeric
carbon of the sugar donor. These 1---11 stacking interactions explain why pNPBGal and other

aromatic glycosides are preferred substrates for the synthase activity of SspG-E387Y (vide
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supra). Essentially identical analysis of a possible O3-regioselective pathway also generated
an appropriate Michaelis complex (Supplementary Figure 18). The binding modes
corresponding to the 1,6- or 1,3-reaction are quite different, especially for the acceptor
molecule. However, notably, in both cases (1,6 and 1,3), the donor sugar is stabilized by
CH:---mr interactions engendered by Y387. In the corresponding 1,3- pathway the major
difference is that in the acceptor the aglycon is oriented away from Y322 enabling sugar-
CH---m interactions between acceptor and donor (c.f. acceptor aglycon 1r---17 interactions with
Y322 for the 1,6-, see above). Thus, in both cases -1 and sugar:--11 interactions stabilize
the substrates in optimum orientation for catalysis. Together these structural analyses (x-ray
structure and metadynamics simulations of ligand binding) suggest clearly that the donor
anomeric carbon is spatially accessible to the acceptor OH-6 or OH-3 hydroxyl groups from

the ‘front face’.

QM/MM Analysis of the Mechanism and Reaction Landscape of SsfG-E387Y. QM/MM
simulations, using the metadynamics approach, were performed to elucidate precise details of
this unusual glycosyl transfer reaction at atomic detail and to obtain the free energy landscape
from which, in turn, reaction coordinates can be defined. From the ternary complex determined
above (Figure 2b,c) three collective variables, corresponding to the main bonds undergoing
breaking or formation, were used (Supplementary Fig. S15 and Supplementary
Discussion). As a test of one of the critical design elements in this “Syi-synthase”, it is
important to note that none of the CVs used ‘self-select’ any specific reaction pathway. The
free energy landscape for the transglycosylation reaction, reconstructed from the QM/MM
metadynamics simulation (Figure 3a) shows three main minima and two transition states (TS).

The free energy difference between the reactants state and the highest TS amounted to ~ 25

15



kcal.mol™, similar to the value obtained for the OtsA glycosyltransferase with essentially
similar computational methodology.'

The structure of the reactants complex (R in Figure 3c) is very similar to the one from
classical (i.e. force-field based) metadynamics simulation (Figure 2c), except that the donor
galactosyl ring is distorted into a 'S3 conformation in the QM/MM structure as opposed to a
relaxed “C4. This is not surprising in view of the known limitations of force-fields to describe the
precise conformation of the sugar ring in glycoside hydrolases.*” *® The more detailed QM/MM
metadynamics simulations instead support a distorted conformation for the saccharide ring at
the -1 donor enzyme subsite, essentially similar to that expected for a B-glucoside hydrolase
mechanism.*®*® Of particular interest is the hydrogen bond between the hydroxymethyl group
of the acceptor molecule and the leaving group (pNP) of the donor molecule in the reactants
complex. This type of interaction, previously observed on the basis of QW/MM calculations for
GTs™"™ 1718 (the hydrogen bond forms either at the reactants complex or in the early stages
of the reaction), is a common feature of enzymes operating via a front-face mechanism and
part of the design invoked for SspG-E387Y (Figure 1 and vide supra).

The reaction pathway (Figure 3) starts with the elongation of the C1-O1 bond of the donor
molecule (the C-O distance increases more than 1 A when going from R to 1, Figure 3b and
Supplementary Table S5). This bond is completely broken at intermediate 2 (C1-O1 = 3.4 A).
At this point of the reaction, the distance between the donor and the acceptor (C1---0O6’) is still
long (~3 A), indicating the formation of an oxocarbenium—phenoxide ion pair. Further evidence
for the change in electronic configuration at the anomeric carbon atom is the shift to a trigonal
geometry, which is also associated with changes in the conformation of the pyranose ring

along the reaction (see Figure 3d and discussion below). This change is accompanied by a
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decrease in the C1-O5 bond length (from 1.41 A to 1.27 A, Table 5) and an increase of the
charge of the anomeric center (by 0.30 e” when going from R to 2).

The oxocarbenium ion-pair corresponds to a minimum along the reaction pathway. It is
stabilized by the O6’-H---O1 hydrogen bond (2 in Figure 3c), which has also a role in orienting
the acceptor sugar for the subsequent nucleophilic attack. Afterwards, a slight displacement of
the hydroxymethyl moiety coupled to a proton transfer, from the hydroxymethyl to the pNP
leaving group, forms the new glycosidic bond (3 — P in Figure 3a). Notably, the observation
of a slightly higher barrier ~3 kcal/mol for collapse of the oxocarbenium ion is not only
consistent with prior observations in GTs' " but also with the low B determined
experimentally (see above). As a further characterization of this species, we extracted two
snapshots of the metadynamics simulation that correspond to minimum 2 and performed
geometry optimizations and subsequent QM/MM MD simulations (see Supplementary
Methods). The ion-pair species was stable under optimization and MD simulation with a life-
time > 15 ps. This again indicates that the ion-pair species is a minimum of the free energy
landscape. Interestingly, in silico mutation of Y387 to F387 generates an oxocarbenium-ion
species that is still a stable minimum, with a slightly longer distance between the aryl ring and
the sugar donor anomeric carbon compared with the E387Y variant. This is consistent with the
experimental findings that the E387F variant still exhibits clear activity (Table 3). An alternative
mechanism in which the oxocarbenium ion collapses with the E206 acid base residue,’’ was
also considered and tested (Supplementary Methods and Supplementary Figure $19).
However, this mechanism was discarded in view of the high-energy barrier obtained and the
low stability of such an intermediate. Therefore, the simulation shows that cleavage of the
donor Gal-B-pNP bond and formation of the GalB1,6Gal bond are entirely asynchronous and

follow a front-side stepwise mechanism.
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The donor conformational itinerary observed in SsBG-E387Y during transglycosylation
(Figure 3c) was: 'Ss (reactants) — *Hs/Es; (reaction intermediate) — “C; (products). This

pathway is the same predicted experimentally*® ° %2

and theoretically®® for retaining B-D-
gluco-active glycoside hydrolases such as SsBG-WT. Remarkably, therefore, despite the very
different mechanism, the engineered ‘S\i-synthase’ SsBG-E387Y synthesizes glycosidic
bonds by exploiting essentially the same conformational itinerary (and associated distortional
strategies to guide catalysis) used by the WT enzyme for hydrolysis. This suggests that,

independent of the type of reaction catalyzed by the enzyme, the active site serves as a ‘box’

for the donor to accommodate a given reduced set of pyranose ring conformers.

Conclusions (~500 words)

Until now, frontal face or Sni-like mechanisms have only been implied in retaining o-
glycosyltransferases; the engineered system we present here constitutes an example of a
retaining glycosyltransferase-like enzyme with p-glycosidic bond selectivity. Structural and
computational analyses support a critical role for the installed Tyr387 through sugar-x and w-rt
interactions in recruiting to the Michaelis complex (Figure 2c) 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 dehydroxylating Tyr—Phe mutation in SspG-E387F does not
affect activity, it suggests that any such stabilization might not be (entirely) via interactions with
the hydroxyl group and/or is not dramatically altered by the change in T-density that this would
also cause; this slight effect is supported by computation. Mutagenesis of an analogous
tyrosine to phenylalanine in human cytosolic $-glucosidase, caused only a 2-5 fold decrease in
kecat, With minimal effect on Ky; this too suggested that a polarisable 1T-aromatic ring system

might have the capacity for transition state stabilization.** Free energy landscape analyses
g

18



show some shortening of the sugar-phenol distances ~0.5 A at the point of ion pair formation,
consistent with m-cation stabilization, albeit at a distance ~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 (Table 4).

The front-face mechanism therefore appears to proceed via an oxocarbenium ion-pair
intermediate that, due to the greater steric bulk of the active site upon tyrosine introduction, is
largely prevented from reacting with water to give the hydrolysis product. Instead, an acceptor
bound in the +1 subsite, preferentially stabilized by the relocated Tyr322 residue, attacks the
carbocation. The enzyme scaffold provides a shaped ‘protein box’ (primarily for the donor)
devoid of any catalytic residue but that nonetheless provides stabilization and specifies that
reactants can only form p-products. This reactivity and selectivity is provided (at least in part)
by the box’s favoring of particular conformers along the corresponding itinerary (Figure 3c).
Such a ‘box’ is highly reminiscent of the catalytic activity proposed for serine protease mutants
that, although lacking their entire catalytic triad, nonetheless show rate accelerations of ~10°-
fold over background.”® Notably the ‘box’ provided by catalytic antibodies that act as
glycosidases®® that also lack participating residues are similarly highly hydrophobic and,
indeed, less efficient (rate accelerations of ~10°-fold over background; ke 0.007 min™", Ky
0.53 mM) than the designed ‘S\i synthase’ that we have created here (rate accelerations of
~10°-fold over background; ks 0.48 min”, Ky 0.17 mM). It should be noted that our ‘Syi
synthase’ is, in turn, a similar magnitude less active than prior ‘Sy2 synthases’. Further future
activity optimization might be 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
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suggests prominently placed aromatic sidechains, akin to the Y387 that we have discovered
here.®® Altogether, these results suggest that the, once seemingly improbable and rare, same-
face nucleophilic substitution is a viable mechanistic possibility in many ways in nature and

can be considered a viable accessible mechanism in the design of catalysts for substitution.*®
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Scheme 1. Front-face reaction mechanism of a-selective retaining glycosyltransferases.
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Table 1. Hydrolytic kinetic parameters for SSgG-E387Y. Sodium phosphate buffer (50 mM,
pH 6.5) at 45°C. Assays were initiated by adding enzyme (10 uL) to substrate (190 ulL) and p-
nitrophenolate (pNP) release was monitored at 405 nm on a 96-well plate reader. na = no

detectable activity

SspG Substrate Keat /' s~ Ku/mM | keat/Ku / M7's™
WT pNPGal 7.20+£1.06 | 0.57 £0.07 11140
WT PNPGIc 435+053 |0.15+.0.01 17777
E387Y pNPGal 0.008 + 0.0011 | 0.17 = 0.02 44 4
E387Y pNPGIc 0.002 + 0.0004 | 0.17 = 0.02 14.9
E387Y PNPGIcNAC na na na
E387Y pNPGal1,6Gal na na na
E387Y | GlcNAc-A%-oxazoline na na na
E387Y MeGal na na na
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Table 2. SsfG-E387Y catalyzes transglycosylation. Disaccharides synthesised from

pNPGal as a glycosyl donor.

oo
HO _on HO ==\ a1SGaI BOpNP
PNPGal vo, e:1,6-Gal- BOMe
Acceptor | Temp Yield / %" S /H | Conversion!
/I°Cc |a|b|c|d]|e|HF| S Total I %
i MepGal 45 |18 |24 | - | - |2| 37 | 44 81 1.2 92
i | MepGal 80 |51|36| - | - (1] <1 88 88 >88 78
iii | cellobiose| 45 |14 |15| - | - | -| 44 | 29 73 0.7 100
iv | cellobiose| 80 (22|27 - | - |-| 6 | 49 55 8.2 79
v | lactose 45 21|29 - | - | -] 33 | 50 75 2.0 80
vi | lactose 80 |30|54| -|-]-]16 | 84 | 100 | 53 91
vii | MepMan 45 16|38 - | - | -] 46 | 54 | 100 1.2 100
viii | MepMan 80 |39|46| - | - |-]15] 85| 100 | 5.7 92
iX | PhpGlc 45 9 46| - |26 |- | 17 | 81 98 4.8 97
X | PhpGlc 80 0 (28| - [12|-| 37| - - - 100
Xi | PhaMan 45 03 (12| - |-|8 |15 | 100 | 0.2 100
Xii | PhaMan 80 1110(25| - |- 64 | 36 | 100 | 0.6 100
xiii [ PhBGIc® | 45 | 5| 0| - |72|-| <1 [>99| 100 |>100 Lel

[ Yields 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 ~15h or longer. !

Total yield of hydrolysis products. [ Total yield of glycosides/synthesis products. ! based on
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the consumption of starting material '®! After optimization for yield, including additional
production of trisaccharide as mass balance — see Supplementary Table S4.
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Figure 1. Incubation of SsgG-E387Y with Covalent Inhibitor DNP-2FGlc. Reaction with
2 ,4-dinitrophenyl 2-deoxy-2-fluoro-p-D-glucopyranoside was monitored over time by ESI-MS.
Slow reaction and emergence of additional peaks (2 x +165 +3 Da etc) after extended
incubation and with an apparent statistical distribution suggest non-specific chemical

modification; incubation with 2FGIc did not cause direct glycation (Supplementary Figure

S3).

glyeation). This non-specific, non-‘activity-based’ cause is also consistent with the thermal

denaturation of SspG-E387Y at 45°C >16h (vide supra).
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Table 3. Hydrolytic kinetic parameters for Ssg G-mutants. Hydrolysis of pNPGal at 45°C in

50 mM phosphate buffer, pH 6.5. na = no observable activity.

SspG variant Keat /™ Kv/ MM | keat/ Ku/M's™
E387Y 0.008 = 0.001 | 0.17 £ 0.02 45
E387F 0.005 = 0.0004 | 0.07 = 0.02 79
E387A na na na
E206A:E387Y | 0.011 +0.001 | 0.10 = 0.03 106
Y322F:E387Y | 0.007 + 0.0003 | 0.08 = 0.01 79
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acceptor

feis
stacking

Figure 2. Structural Analysis of SSBG-E387Y. (a) The X-ray structure of apo SSBG-E387Y
(determined in this work: pdb 5i3d, silver) superimposed on SSEG-WT (pdb: 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 N1 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 (c): Y387 forms stabilizing donor sugar---Tr interactions*® (sugar hydrogen

atoms point towards the center of the Y387 phenol ring, with distances < 3 A, see (c)); the
28



localized Y322 rearrangement creates 11---11 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 Supplementary Methods) based upon the determined apo x-ray structure (determined
in this work: pdb 5i3d, silver) shown in (a). The inlay shows an expanded view of the active

site.
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Figure 3. Free Energy Landscape and Atomic rearrangement along the Syi reaction

pathway. (a) Free energy landscape (FEL) reconstructed from the metadynamics simulation
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of the transglycosylation reaction (projection on two collective variables CV; and CV3). Contour
lines are at 5 kcal/mol. The second transition state (labelled as 3 on the reaction pathway) is
above in energy with respect to the first one (labelled as 1) by 3 kcal/mol. (b) Evolution of the
most relevant distances involving the donor and the acceptor along the reaction coordinate
(see atom numbering in Figure 2). Each distance corresponds to an average from all
configurations falling into a small region around the corresponding point of the FEL. Data also
given in Supplementary Table S5. (¢) 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 (configurations 1 and 3), whereas
dotted lines indicate hydrogen bonding interactions. (d) Conformational itinerary of the
glucosyl ring along the reaction coordinate. All ring conformations of the metadynamics
simulation are mapped onto a projection of the Cremer-Pople sphere from the North pole.
Cyan points represent the ring conformations visited by the glucose glycon. The red dots

indicate the ring conformation at the reactants, products and intermediate of the reaction

(topology 2).
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Scheme 2. Proposed frontal face nucleophilic substitution mechanism of SspG-E387Y.
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