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Abstract: Glycobiology is dogged by the relative scarcity of synthetic,
defined oligosaccharides. Enzyme-catalysed glycosylation using
glycoside hydrolases is feasible but is hampered by the innate
hydrolytic activity of these enzymes. Protein engineering is useful to
remedy this, but it usually requires prior structural knowledge of the
target enzyme, and/or relies on extensive, time-consuming screening
and analysis. Here we describe a straightforward strategy that
involves rational rapid in silico analysis of protein sequences. The
method pinpoints 6-12 single mutant candidates to improve
transglycosylation yields. Requiring very little prior knowledge of the
target enzyme other than its sequence, the method is generic and
procures catalysts for the formation of glycosidic bonds involving
various D/L-, a/B-pyranosides or furanosides, and exo- and endo-
action. Moreover, mutations validated in one enzyme can be
transposed to others, even distantly related enzymes.

Introduction

Glycosides are ubiquitous and abundant in Nature, being
essential for biological interactions and processes. Nevertheless,
progress in glycobiology is hampered by the lack of synthetic
carbohydrates, an issue related to their structural complexity.
Carbohydrates consist of polyhydroxylated units that exist in

different forms (e.g. pyranoside or furanoside), interlinked in a
variety of regioselectivities, with the anomeric centres displaying
either a- or B-anomeric configurations.l'l Faced with this high
degree of complexity organic chemistry has developed numerous
glycosylation methodologies.? These involve several synthetic
steps, including protection-deprotection cycles, are characterised
by relatively poor overall yields, and generate considerable
amounts of waste. This is in stark contrast to polynucleotides and
polypeptides, both of which are accessible via automated
chemical synthesis processes and through in vivo biological
synthesis. Unfortunately, unlike these biopolymers, most
carbohydrates cannot be obtained using straightforward, generic
technologies™ amenable to automation.

Enzyme-catalysed glycosylation offers an alternative to
chemical methods. The natural choice for this are
glycosyltransferases (GTs) that are well-represented in a variety
of families in the CAZy database (http://www.cazy.org/),®! with
each family potentially harbouring numerous specificities.!
Nevertheless, GTs have proven difficult to handle in vitro and
often require expensive nucleotide-glycoside  donors.["
Consequently, glycoside hydrolases (GHs) are a viable
alternative for enzyme-catalysed glycosynthesis. The GHs are
particularly abundant and their diversity in terms of bond breaking
ability matches carbohydrate complexity itself. GH catalysed
hydrolysis of glycosidic bonds uses a variety of mechanisms, but
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the majority of GHs perform two subsequent displacements at the
anomeric carbon, thus yielding products whose anomeric
configuration is identical to that of the substrate.®! GHs operating
by such a mechanism are termed “retaining” GHs and represent
at least 66% of all GHs (888 506 classified modules) in the CAZy
database, grouped in 83 out of its current 161 GH families (as of
January 7%, 2021). Allowing for rare exceptions,!'? all other GHs
are inverting. A result of the double displacement mechanism is
that retaining GHs possess the intrinsic potential to catalyse
transglycosylation, thus to synthesize glycosidic bonds. Even
though most retaining GHs have strong hydrolytic activity and
weak, often undetectable transglycosylation activity, some of
them display significant levels of transglycosylation. This reaction
is under kinetic control and modulated by a number of factors
related to the reaction conditions,'"'? including acceptor
concentration, water activity, substrate activation, temperature,
pH and, most importantly, the enzyme properties. Accordingly,
engineering of GHs has proven to be a potent way to obtain
transglycosylases.!?!

The most generic GH engineering approach described to
date is the so-called glycosynthase strategy,!'“""! in which a
catalytic carboxylate is replaced by a catalytically impotent group.
The resulting mutant enzyme is fed with a strongly activated
substrate that mimics the reaction intermediate (e.g. an a-glycosyl
fluoride for a B-glycoside specific wild-type (WT) enzyme) and
turns the enzyme into an inverting glycosynthase (Scheme S1).
Albeit powerful, this method relies on the availability of a suitably
reactive and sufficiently stable substrate. Moreover,
glycosynthases are intrinsically impotent biocatalysts that display
extremely low activity, thus large quantities of enzymes are
needed.["4-18]

An alternative strategy is to convert GHs into efficient
transglycosylases, while conserving the retaining mechanism. To
achieve this, a considerable number of studies have employed
rational or random protein engineering methodologies. However,
such approaches require either in-depth structural  and
biochemical knowledge and, in some cases, use of sophisticated
computational methods (rational design); or the creation of large
mutant libraries, introducing location-agnostic modifications,
coupled with powerful phenotypic screens (random
mutagenesis).'"® Nevertheless, by simply targeting a small
number of conserved active-site residues in several retaining
GHs,/2-22 we previously demonstrated that transglycosylation
capability can be improved without extensive screening, using
structural information coupled with sequence conservation
analysis. Moreover, using information on beneficial mutations,
others have successfully transposed our results to related GHs,
leading to significant transglycosylation yields.?®!

Herein we demonstrate how a refined sequenced-based
protein engineering approach can be used to enhance the
transglycosylation capability in a wide variety of predominantly
hydrolytic GHs. This strategy involves identifying and replacing a
retaining GH’s most conserved residues by structural analogues
(e.g., Tyr by Phe, Asp by Asn).

Barring rare exceptions,!'” retaining GHs follow a double-
displacement mechanism in which two consecutive reactions are
catalysed. The first is a nucleophilic attack leading to donor-
glycan (or aglycone) bond breakage and the formation of an
intermediate (glycosylation) of opposite anomeric configuration
compared to substrates and final products. The second step is
disruption of the intermediate (deglycosylation) by a water
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molecule (hydrolysis) or another acceptor (transglycosylation).
Thus, transglycolytaing retaining GHs are stabilising the transition
states (TS¥) of four reactions: glycosylation using the initial donor
(Gp) or the transglycosylation product (Gr), hydrolysis (H), and
transglycosylation (T) (Scheme S1). Transglycosylation yields are
primarily restricted by two rate ratio: the transglycosylation over
hydrolysis ratio (T/H), and the glycosylation rates with the initial
donor or the formed transglycosylation products (Gp/Ge ratio,
governing secondary hydrolysis). Therefore, reducing the
stabilisation of the hydrolysis TS* relative to that of
transglycosylation, even by as little as half a kcal - mol™,
drastically modifies the T/H ratio and increases synthetic yields.
Hence, we hypothesize that replacing residues presumably
involved in TS stabilisation is likely to generate enzyme variants
displaying modified T/H and Gp/Gp ratios, among which will be
improved transglycosylases. Assuming that evolutionary pressure
on retaining GHs mainly affects residues involved in either protein
folding or stabilisation of the glycosylation TS* and/or the
hydrolysis TS*, herein to improve transglycosylation yield we
targeted conserved residues, excluding glycines and prolines that
are most likely to be essential to enzyme structural integrity. Our
hypothesis is that the substitution of these residues will potentially
yield mutants that display greater ability to catalyse
transglycosylation and that these point mutations will be
transferable to other related GHs. Advantageously, the method
described herein requires neither structural knowledge nor in-
depth mechanistic understanding of the target GH. Nevertheless,
when the target GH is characterized, the catalytic residues and
those that are distant (> 10 A) from the -1 subsitel®!l can be
conveniently excluded. Using this strategy, we demonstrate how
the transglycosylation yields of GHs from families 2, 10, 20, 29,
51 and 151 are significantly enhanced using an approach that is
relatively straightforward and time-efficient, necessitating the
analysis of 6-12 mutants per enzyme, applicable to a broad
variety of glycosidic bond-forming reactions and transferrable,
allowing the portability of successful mutations to related
enzymes.

Results and Discussion
Multiple sequence alignment and residue conservation

The method described herein relies on identifying a small
number of conserved candidate amino acid residues. While the
concept of amino acid conservation is central to molecular
evolution theory, to date there is no agreed, precise definition of
what it signifies. To circumvent this obstacle, we have devised a
methodology that pinpoints approximately 15 residues that are
significantly more conserved compared to others within a query
GH sequence. The method is calibrated to avoid the selection of
more residues, because increasing the number of targets would
increase the likelihood of falling outside of the active site region
and thus targeting residues less likely to be involved in TS*
stabilisation. On the other hand, selecting fewer residues would
provide an insufficient number of targets for mutation. However,
both the number and the diversity of the retrieved sequences are
highly dependent on the query sequence. Therefore, the sample
size of the batch of sequences in which approximately 15 residues
are significantly more conserved must be adequately large. For
this approach to be successful, a ranking method is also required
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that is robust, even in extreme cases where the sequence batch
is either highly diverse, meaning that the overall stringency of
conservation is low, or alternatively where the sequences are
highly homogenous.

Our three-step methodology begins with the collection of a
large number of sequences within the GH family of interest. These
are then clustered to reduce redundancy.?>%¢l After clustering,
iterative multiple sequence alignments (MSA) are performed to
select sequences that share at least 5% sequence identity. This
minimal sequence identity (termed “ID% threshold”) is then
iteratively increased and the residues are ranked by decreasing
conservation. Their conservation is plotted against the logarithm
of their rank (Fig. 1). When a significant conservation drop is
observed after rank 10-15, the sequences are kept and the ID%
threshold is no longer increased. The corresponding MSA is then
analysed to identify the residues hereafter designated as
“conserved”. This iterative MSA and conservation analysis are
performed using ClustalQ®”! and an in-house script (available at
https://hal.archives-ouvertes.fr/hal-03076670, see Methods).

To test the robustness of this methodology, GHs from
families 2, 10, 20, 29, 51 and 151 were selected, with results
being summarised in Table 1. Comparing GH10 and GH51
illustrates that similar sequence pool sizes and identical
stringency criteria can generate different heterogeneity levels
(21 vs 35% average identity within the kept sequences — termed
“mean ID%”), while the examples of GH2 and GH20 reveal that
similar heterogeneity can be obtained from a variable number of
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selected sequences (9 301 vs 585 retained from 20 000 initially
retrieved sequences, Table 1). Overall, when applied to the six
GH families the methodology identified 9-16 significantly more
conserved residues in the query sequences. Afterwards,
mutagenesis was performed, designing experiments to introduce
substitutions that preserve as much as possible the residue’s size,
polarity and aromaticity (Table 1). This isimportant because more
radical changes are likely to engender large perturbations,
leading to very strong TS* destabilization and loss of activity. Any
conserved Gly and Pro residues were omitted from mutagenic
analysis, because we assumed that these generally play
important roles in protein folding rather than catalysis. Similarly,
we avoided to substitute Asn and GIn by Asp and Glu respectively,
because the catalytic residues in GHs are very often carboxylates
themselves. Therefore, this avoided the inadvertent introduction
of additional carboxylic moieties in the immediate vicinity of the
catalytic centre. In all cases the methodology yielded 6-12
candidates for mutagenesis and subsequent analysis of
transglycosylation capability. Reaction yields were calculated at
the time point showing maximal product concentration, and solely
for reactions that reached completion, meaning that the donor
compound was fully consumed. Analyses were performed using
enzyme solutions whose concentrations were different, but which
represent similar catalytic activities. Note that in contrast with the
glycosynthase approach, transient maximal yields obtained via
transglycosylation are largely independent of enzyme loads
(Scheme S1).
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Figure 1. Residue conservation analysis. Residues in the MSA are ranked according to decreasing conservation, and their conservation is plotted as function of
the logarithm of their rank. The plots are obtained from the analysis of the final MSA on GH families 2, 10, 20, 29, 51 and 151 respectively (for Mean ID% see
Table 1). Arrows indicate the last rank considered as “significantly more conserved” than the rest of the residues in one sequence.

Table 1. Multiple sequence alignment and residue conservation analysis

GH Enzyme Species Retrieved D% Sequences Mean Conserved Evaluated
family target sequences threshold kept ID%20! residues candidates!®
2 CfMan2A C. fimi 20 000 12 9301 22.6 14 12
10 Xyn10A R. marinus 9288 15 4431 211 11 9
20 BbHI B. bifidum 20 000 10 585 22.5 9 6
29 AIfB L. casei 15328 20 1194 24.0 13 7
51 TxAbf T. xylanilyticus 11 553 15 3272 34.6 11 8
151 PtGH151 P. thiaminolyticus 1854 20 459 40.6 16 12
Native AA A C D E F G H | K L M N P Q R S T \% w Y
substitution G S N Q H n.a. F,Q,N L Q | L T na N K A S | H F

[a] ID%: percentage of identity between sequences. [b] Average identity with the reference sequence (enzyme target). [c] Gly, Pro and identified catalytic residues

are not mutated. [d] Substitution table used in this study. n. a.: not applicable.
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GH29, a-L-fucosidases AIfB and AIfC

L-Fucose is the most common L-sugar in animals,?®
invariably connected through an axial glycosidic linkage.
Accordingly, a 'C4 — [*H4* — 3S4 conformational itinerary is
followed in enzymatic hydrolysis.??! A few studies have been
undertaken to improve GH29-mediated transfucosylation with
varying success.%32 For the present study, we focused on AlfB
from Lactobacillus casei. This enzyme is reported to synthesize
a-L-Fucp-(1—3)-D-GlcNAc,B334 the a-L-Fucp-(1—3) motif being
particularly common with 8 out of 13 known human
fucosyltransferases being 3-fucosyltransferases.?® AIfB-WT and
seven of its mutants (collectively “AlfB forms”) were evaluated for
ability to synthesise a-L-Fucp-(1—3)-D-GlcNAc from equimolar
amounts 20 mM 2-chloro-4-nitrophenyl a-L-fucopyranoside
(a-L-FucpOCNP) and 20 mM D-GIcNAc (Table 2, Figs. 2 and S2).

Table 2. GH29 engineering.

Yield Enzyme
GH29s forms Ratio T/H
(%) (Hg-mL-", pM)
AIfB-WT 18 0.29 65 (1.4)
H21F - - -
Y45F 21 0.36 20 (0.4)
H80F 57 1.89 250 (5.2)
H81F 1.3 0.01 465 (10)
Y124F 15 0.25 740 (16)
D129N 22 0.43 117 (2.5)
W130H 31 0.53 750 (16)
AIfC-WT 17 1.00 150 (1.0)
H87F 26 1.47 4500 (30)
W137H 22 1.93 500 (3.3)

Maximum yields of a-L-Fucp-(1—3)-D-GlcNAc and a-L-Fucp-(1—6)-dD-GIcNAc
synthetized by AIfB and AIfC forms, respectively. Protein concentrations used
to obtain maximum yields within 3 h are given in pg-mL~" and pM (in brackets).

The time course of disaccharide formation catalysed by
AIfB-WT reveals a peculiar behaviour, with a rate increase over
time, followed by a sharp decrease of product yield (Fig. 2 top).
This results from a combination of substrate inhibition (Fig. S1)
and the near absence of secondary hydrolysis in the presence of
a-L-FucpOCNP. The latter is clearly visible from the constant
increase in disaccharide formation compared to the donor
consumption until > 90% of a-L.-FucpOCNP is consumed (Fig. 2
bottom). This observation supports the postulate that the low yield
of transglycosylation products from AlfB-WT is related to a low T/H
ratio, rather than secondary hydrolysis. To further investigate this,
the T/H ratio was assessed using the initial slope of plot of product
formation as a function of donor consumption (Fig. 2 bottom).
Clearly, even in the case of AIfB-WT, secondary hydrolysis barely
affects the disaccharide yield until the donor is almost fully
depleted, thus providing strong evidence showing that maximum
yield correlates strongly with the T/H ratio (Table 2). The mutant
AIfB-H21F displayed hardly detectable activity and so its study
was discontinued. However, among the other six AIfB variants,
H80F and W130H generated disaccharide at significantly higher
yields = than AIfB-WT. Notably, AIfB-H80F reached a
transfucosylation yield of 57%. This was accompanied by
complete regioselectivity and a high transglycosylation rate (> 11
mM a-L-Fucp-(1—3)-D-GIcNAc were obtained within 1 h with 5 uM
enzyme; Fig. S2). It is noteworthy that mutation of the
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neighbouring residue (H81F) almost eliminated transglycosylation,
with no evidence of secondary hydrolysis. Therefore, the two
adjacent H80 and H81 possess opposite but determinant roles in
regulating the T/H ratio (Table 2).
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Figure 2. GH29 engineering. Single reactions NMR monitoring of the product
formation with AIfB-WT and its two best mutants: transglycosylation product
evolution as a function of time (top) and donor conversion (bottom).

Regarding secondary hydrolysis, even though this doesn’t
play a preponderant role until the donor is consumed, it is clearly
responsible for rapid hydrolysis of transglycosylation products at
the end of the reaction (Figs. 2 and S2). Therefore, for synthetic
purposes, reducing secondary hydrolysis remains important to
gain better control over the reaction. From this standpoint, it is
noteworthy that the AIfB variants, particularly AIfB-W130H,
displayed decreased secondary hydrolysis (Fig. 2 top).

To demonstrate that our results are portable to related
enzymes, the best mutations H80F and W130H were transposed
to another fucosidase from Lactobacillus casei, AlfC, (< 30%
identity), that synthesizes a-L-Fucp-(1—6)-D-GIcNAc.B334 This
yielded two mutants AIfC-H87F and AIfC-W137H that both
displayed improved transglycosylation yields of the disaccharide
in reactions containing equimolar (8 mM) amounts of
a-L-FucpOCNP and D-GIcNAc (Table 2, Figs. S3 and S4). This
result illustrates how successful mutations achieved for one
enzyme can be directly transposed to related GHs without the
need for further analyses. In addition to the reduction of the
sequence space and increased relevance, mutation transfer is a
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key advantage of targeting conserved residues. However,
regarding secondary hydrolysis, it is noteworthy that unlike AIfB,
transglycosylation catalysed by the three AIfC variants was
strongly influenced by secondary hydrolysis, with maximum yields
being observed at 50-60% of a-L-FucpOCNP consumption
(Fig. S4).

GH151, a-L-fucosidase PtGH151

With only three published reports,-371 information relating to
GH151 family is scarce. Importantly, the identity of the catalytic
residues is unknown, a crystal structure has yet to be solved and
so far no mechanistic studies have been performed. Nevertheless,
a GH151 from Paenibacillus thiaminolyticus has been shown to
display transglycosylation activity.[*® Therefore, it is plausible that
GH151 shows mechanistic similarity with GH29. Overall, GH151
is an ideal case to test whether our methodology is applicable to
poorly characterized GH families.

Applying the methodology to PtGH151, the transglycosylating
GH151 from P. thiaminolyticus,*® a set of 16 most conserved
residues were identified and 11 were selected for mutagenesis,
yielding 12 mutants (Table 3). Surprisingly, even though we were
unable to exclude the mutation of the catalytic residues, no
completely inactive variants were obtained, although mutation of
D154 was the most deleterious to the overall activity (50 000-fold
decrease; see Table S1). The WT enzyme catalyses self-
condensation of 10 mM a-L-FucpOCNP and produces a-L-Fucp-
(1—x)-0-L-FucpOCNP disaccharides in 18% yield.

Table 3. GH151 engineering.

PtGH151 Yield Ratio T/H Enzyme
forms (%) (Bg'mL-", pM)
WT 18 0.32 1.8 (0.024)
D9N 28 0.49 8300 (108)
H11F - - -
H11N 24 0.45 13 (0.17)
Y86F 19 0.31 9400 (122)
D154N 18 0.34 1000 (13)
N214T 15 0.28 130 (1.7)
E235Q 0.5 0.04 270 (3.6)
L237V 30 0.60 770 (9.9)
Y244F 22 0.44 1080 (14)
F268H 16 0.31 800 (10)
W272H 15 0.29 3500 (45)
D302N 23 0.38 38 (0.5)

Maximum vyields of a-L-Fucp-(1—x)-a-L-FucpoOCNP by PtGH151 forms from 10
mM a-L-FucpOCNP. Protein concentrations used to obtain maximum yields
within 6 h are given in pg-mL~"and pM (in brackets).

Moderate secondary hydrolysis was observed with PtGH151-WT
(Fig. 3B), and initial disaccharide formation increased linearly as
a function of donor consumption (Fig. 3), which in self-
condensation is strictly equivalent to acceptor consumption. This
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Figure 3. Single reactions reverse phase HPLC monitoring of the product
formation with PtGH151 forms: transglycosylation disaccharides evolving
as a function of time (top) and donor conversion (bottom).

dual consumption of the substrate led to quite rapid product yield
decrease, with maximum yield being observed at 3 mM substrate
concentration (Fig. 3 bottom), despite the modest impact of
secondary hydrolysis (Fig. 3 top). Overall, 5 out of the 12 mutants
procured improved synthetic yields (22-30%), with
PtGH151-L237V being the best performer (30% yield) at an
enzyme loading of only 10 uM). Significantly, the T/H ratio of the
reaction catalysed by this mutant (Table 3) was almost double that
of PtGH151-WT (0.60 vs. 0.32), as assessed from the initial slope
of product formed as a function of donor consumed (Fig. 3 bottom).
Similarly, the other four beneficial mutants showing increased
yields also display improved T/H ratios (Fig. 3). Inversely, E235Q
almost completely abolished transglycosylation (< 1% synthetic
yield). Interestingly, PtGH151-D9N displayed low activity, but a
high vyield of the transglycosylation product and increased
secondary hydrolysis to synthesis ratio. Overall, these results
provide a satisfactory demonstration of the relevance of our
method for the engineering of higher transglycosylation
capabilities in unknown GH families.
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GH51, a-L-arabinofuranosidase TxAbf

Five-carbon furanose rings are notoriously more flexible and
thermodynamically less stable than their six-carbon counterparts,
meaning that unlike pyranoses, furanoses can interconvert
between different ring conformations. This reflects similar energy
states for the different conformations,?®3% a feature that
significantly complicates the organic synthesis of furanosides.
Since catalysis mediated by any given GH involves a specific
conformational itinerary for the donor substrate, the lowered
energy barriers between furanoside conformations®® implies that
furanosidase-catalysed reactions display altered mechanisms
when compared to those catalysed by pyranosidases, and GH51
a-L-arabinofuranosidases have been predicted to present [Es]*
transition states along their conformational itinerary (*E — [E3]* —
2%E — [E3]f — E%/T3).8% Therefore, it is of interest to investigate to
what extent the present GH engineering approach applies to
furanosidases.

The hydrolytic a-L-arabinofuranosidase from Thermobacillus
xylanilyticus (TxAbf) belonging to the GH51 family*! was used as
a model furanosidase. Since TxAbf displays inherent ability to
perform transfuranosylation,'>4% it has been previously subjected
to several studies aiming at improving its transglycosylation
capability.?244-461 Here all eight generated mutants possessed
improved ability to synthesize arabinoxylo-oligosaccharides
(AXOS) in 19-82% yields compared to 9% vyield by TxAbf-WT
(Tables 4 and S2). The best variants R69K, N175T, D297N and
H240F/N produced AXOS in 37-82% overall yields. The
transglycosylation activity (specific activity in transglycosylation
mode, SAr; Table S3) of the mutants was lower (0.1-66%) than
that of the WT enzyme. It is noteworthy that R69K-, H240F- and

D297N-catalysed transglycosylation required relatively low
amounts of catalyst (32-140 nM, Table 4).
Table 4. GH51 engineering.
i i Enzymel®!
TxAbf forms Yieldt! (%) Ratio T/H
(ng-mL", pM)
WT 9 0.14 0.2 (0.0035)
F26H 22 0.56 730 (12.8)
E28Q 23 0.69 0.8 (0.014)
R69K 37 1.05 2(0.035)
N175T 42 3.98 200 (3.5)
H240F 82 15.0 8(0.14)
H240N 75 >50 220 (3.9)
Y242F 19 0.47 300 (5.3)
D297N 47 3.37 1.8 (0.032)

[a] maximum overall yields of arabinoxylo-tetrasaccharides synthetized by
TxAbf forms using 5 mM a-L-ArafOpNP as donor and 10 mM xylotriose as
acceptor. The yields of each of the regioisomers are indicated in Table S4. [b]
Protein concentrations used to obtain the yields within 15 h are given in yg-mL~
"and UM (in brackets).

Although the ability of TxAbf-WT to perform transglycosylation is
low, this is not due to secondary hydrolysis because AXOS
production increments linearly as a function of a-L-ArafOpNP
consumption (Fig. 4 bottom). Therefore, this implies that its poor
performance regarding transglycosylation is more related to its
low T/H ratio (0.14; Table 4). Significantly, all the TxAbf mutants
created in this study displayed an increased (3.5-100 fold) T/H
ratio, consistent with improved transglycosylation yields. However,
in some mutants, particularly TxAbf-Y242F and TxAbf-E28Q,
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secondary hydrolysis was also enhanced. Consequently, TxAbf-
H240N, displaying the highest T/H ratio, procured lower yields
than TxAbf-H240F due to higher secondary hydrolysis.
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Figure 4. Single reactions NMR monitoring of transglycosylation yield
progress for TxAbf forms: transglycosylation AXOS evolution as a function

of time (top) or donor conversion (bottom).

Interestingly, two of the targeted amino acid residues were
previously identified using random mutagenesis and screening
which yielded the mutants F26L and R69H?? that, compared to
F26H and R69K described herein, are slightly better catalysts for
transglycosylation (1.2-fold). However, the strategy described is
much less labour-intensive, as it circumvents large library
screening.

Another remarkable observation is that H240N and H240F display
different yields and regioselectivities (Table S2). Apparently,
aromaticity is more important to TS* stabilisation than polarity
and/or eventual hydrogen bond formation. In this respect, it is
interesting to note that the exact opposite was observed for
position 11 of P{GH151. Overall, these results constitute a strong
case for using double substitution (i.e. H—N or F) when targeting
His, a residue that displays dual physicochemical properties.
Significantly, compared to all previously reported single-mutants
that enhance the T/H ratio in TxAbf,[2244461 H240F/N display the
highest transglycosylation yields, combined noticeably higher
regioselectivity (Table S2). Consequently, we combined this
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mutation with N216W,?2 a mutation that favours higher
regioselectivity towards the (1—2)-linkage of a-L-
arabinofuranosyl moieties to the non-reducing terminal

D-xylopyranosyl of xylotriose as acceptor (i.e. A2XX).?2 Both
transglycosylation specific activity (SAr; Table S3) and yield (62
compared to 82% for H240F) remained relatively high and the
reaction was almost completely regioselective (Table S2 and Fig.
S5).

Conveniently, available structural data and the considerable
corpus of knowledge related to TxAbf furnish hypotheses to

GH2, B-mannosidase CfMan2A

Compared to the synthesis of a-D-mannosidic (or of
B-D-glucosidic and B-D-galactosidic) bonds, the synthesis of
B-D-mannosyl-containing compounds is complicated by the axial
OH-2 of b-mannosyl moieties. In the case of B-mannosidase-
mediated synthesis, this constraint leads to a different
conformational itinerary ('Ss — [Bas]* — °S,) compared to that
adopted by most other B-pyranosidases-catalysed reactions
('S — [*Hs]* — *C1).1 Overall, the challenge of synthesizing
B-D-mannosides® has led to interest in enzymatic synthesist®-51
and several GH2 mannosidases have been successfully
tested.52-%41  Furthermore, a glycosynthase variant of the
Cellulomonas fimi GH2 3-mannosidase (CMan2A) proved to be
a proficient synthetic catalyst when fed with donor a-D-mannosyl
fluoride and various acceptors.® Herein, we investigate whether
CMMan2A-mediated transmannosylation can be enhanced without
using the glycosynthase strategy, i.e. keeping the catalytic
glutamates intact. The transglycosylation ability of CAMan2A-WT
and mutants was evaluated with 5 mM p-nitrophenyl (-
D-mannopyranoside (B-D-ManpOpNP) acting as both donor and
acceptor substrate (self-condensation reaction). Hence in
transglycosylation a D-mannosyl unit was transferred from a
donor to an acceptor molecule, thus elongating 3-D-ManpOpNP
with formation of B-D-Manp-(1—3)-B-D-ManpOpNP and (-D-
Manp-(1—4)--D-ManpOpNP (both referred to as pNP-Man,)
from 5 mM B-D-ManpOpNP as monitored using HPLC (Figs. 5 and
S7).

Table 5. GH2 engineering.

CManZA | vield (%) | Ratio TiH " ;::_T:M)
wT 18 0.18 9.8 (104)
R360K 37 0.38 30.9 (330)
W362H 18 0.1 4.7 (50)
N428T 43 0.47 34.3 (360)
S474A 32 0.50 33.2 (350)
H496Q 15 0.16 5.3 (56)
W612H 37 0.58 23.9 (253)
Q613N 16 0.19 15.3 (162)
W623H 35 0.35 2.8 (30)

Maximum vyields of pNP-Manz synthetized by CfMan2A forms from 5 mM
B-D-ManpOpNP. Protein concentrations used to obtain the yields within 5 h are
indicated in ug-mL~"and nM (in brackets).
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explain how the different mutations enhance the T/H ratio.
Thereby, R69K, N175T, H240F/N and D297N appear to be
involved in the local H-bonding network that impacts catalysis in
TxADbf (Fig. S6 and related discussion).

Nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS) (Fig. S7, Tables S4 and S5) were used to
determine the chemical structure of the products. Five variants
(R360K, N428T, S474A, W612H and W623H) showed markedly
improved yields for pNP-Man; synthesis (32—43%) compared to
CMan2A-WT (18%), while W169H, D170N, D386N and H496F
were discarded due to low activity (< 5 nkat'mg~'). The five
mutants that showed the highest yields also presented the highest
T/H ratios (1.9 to 3.2-fold increase; Table 5).

= |
231 ‘
g o |
2°] f
g WT
= | o
& & R360K
N + N428T
o
(=]
= A T T T 1
0 1 2 3 4 5
Time (h)

Figure 5. HPLC monitoring of the formation of pNP-Manz by CfMan2A-WT and
two of its best mutants, with error bars corresponding to the standard deviation

of duplicate incubations.

It is noteworthy that the best four CfMan2A mutants could
be applied at loadings that were lower or only moderately greater
(0.3 to 3.5-fold; Table 5) than that used for CfMan2A-WT, and
hundred-fold lower than used with the CfMan2A-E519S
glycosynthase.*? Moreover, compared to the WT enzyme, HPLC
monitoring revealed that the mutants catalysed less secondary
product hydrolysis and thus ensured high product concentrations
even over prolonged reaction times (Fig. 5). This result is
significant because secondary hydrolysis commonly impedes
enzyme-mediated synthesis of B-D-mannoside conjugates.[55
Finally, it is noteworthy that like in the previous examples, all
mutant CMMan2A that increased transglycosylation yield were also
characterized by higher T/H ratios, thus providing further evidence
to support tight correlation between these two parameters.
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GH10, B-endo-xylanase RmXyn10A_CM

Compared with most hexopyranoses, the pentopyranose
configuration of the D-xylosyl unit confers enhanced flexibility and
allows two distinct conformational itineraries compatible with GH
hydrolysis: 'S; — [*Hs]* — “Cs and 2Sy — [>°BJf — 58,.147:57]
Mechanistically interesting as it may be, the real challenge posed
by the engineering of RmXyn10A_CM, the catalytic module of the
endo-xylanase from Rhodothermus marinus used here,8 is
related to its endo-activity. This implies the use of a substrate that
does not possess a good leaving group, thus providing no kinetic
control over the reaction and the necessity to monitor multiple
products in order to assess transglycosylation efficiency. Indeed,
the reaction allows the transfer of oligosaccharide moieties onto
an acceptor in a single catalytic step and provides the means to
synthesize oligosaccharides of high degrees of polymerisation
(DP) > 10. Endo-1,4-B-xylanase is the predominant enzyme class
in the GH10 family and the subject of numerous studies.®*%2 Both
negative and positive subsites?*! in GH10 xylanases have been
probed to understand their influence on substrate binding and
catalysis,'®3-%8 including those in RmXyn10A_CM.®8 However,
only a few reports focused on transglycosylation and these were
limited to mutational analysis of the aglycone binding subsites in
a couple of GH10 xylanases. 6356

Here the transglycosylation activity was characterized using
xylotetraose (X4) as both donor and acceptor substrate. All
RmXyn10A_CM forms were able to synthesise xylo-
oligosaccharides (XOS) larger than X, and predominantly
accumulating Xgs during the 4 h time frame of the experiment
(Fig. 6 and Tables 6 and S6). Notably, the mutants H69N, N118T
and W284H synthesized XOS with higher DP than the WT
enzyme during the disproportionation of 20 mM X,.

Table 6. GH10 engineering.

RmXyn10A_ Maximal Xs Te/He ratio at Enzyme
CM forms area (nC-min) 2h (ng-mL-, nM)
WT 4.9 0.58 10.2 (21)
H69F 8.4 5.42 43.6 (90)
H69N 11.6 4.69 37.7 (78)
W73H 8.3 417 41.3 (86)
N118T 13.4 9.78 39.5 (82)
N169T 5.5 2.23 10.5 (22)
H204F 8.9 7.39 35.6 (74)
H204N 6.9 5.29 36.3 (75)
D234N 6.6 4.87 39.1(81)
W284H 10.7 4.15 38.5 (80)

Xylooctaose (Xs) synthesised by RmXyn10A-CM forms from 20 mM Xa. Protein
concentrations used to obtain transglycosylation within 4 h are indicated in
ug-mL~" and nM (in brackets). The ratio of Te/He (see equation) is indicated for
t = 2 h, full evolution of the Te/He ratio is provided in Sl. All reactions have been
performed and analysed in duplicates.

Further analysis revealed that when using X4 as substrate,
RmXyn10A_CM mutants synthesized XOS of DP 6-11 (Figs. 6
and S8, Tables 6 and S6). Importantly, compared to the WT
enzyme, all mutants display greater ability to form XOS of DP = 8
(Table S6), this being the result of multiple transglycosylation
events. The conserved sequence approach procured RmXyn10A
mutants with significantly enhanced transglycosylation abilities
compared to the WT enzyme, primarily due to a drastic decrease
of hydrolytic activity (Fig. S9) and thus significantly increased T/H
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ratios. Available structural datal®® reveal that the three most
effective mutational targets (H69, N118 and W284) are all closely
interacting with the D-xylosyl residue in the —1 subsite (Fig. S10).
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Figure 6. HPAEC-PAD analysis of xylo-oligosaccharides produced by
RmXyn10A-CM
transglycosylation reactions catalysed by RmXyn10A_CM-WT and its mutants
HB9N, N118T and W284H. For each RmXyn10A_CM form, chromatograms
display reaction profiles after 2 (black) and 4 h (brown), respectively. D-xylose

forms. Chromatograms showing product profiles of

(X1) and xylo-oligosaccharides up to xylohexaose (Xs) were used as standards
(blue) to facilitate product analysis.

Assessing secondary hydrolysis in this endo-reaction is
quite difficult, because the transglycosylation products are
necessarily both donors and acceptors of further
transglycosylation and hydrolysis reactions. Therefore, the
measured time progression of the ratio Tg (transglycosylation
events)/He (hydrolysis events) is underestimated:

n=10 n=10
TE = 2 A(Xn) + Z A(Xn)
n=>5 n==8

where A(Xp) is the area of the peak corresponding to a XOS of
DP n. XOS displaying DP 8-10 are listed twice as a minimum of
two transglycosylation events are needed to yield these
oligosaccharides.

n=3
Hp= —Tg + ZA(Xn)
n=1

Note that Tg is subtracted from the sum of the areas of peaks of
XOS of DP 1-3 as each transglycosylation event yields a XOS of
DP 1-3 as well. The final ratio is necessarily underestimated as
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XOS of DP > 10 are not accounted for. The full-time course of the
Te/He ratio is displayed in Table S6. Remarkably, this ratio only
undergoes limited variation throughout the period from 2 h to 4 h,
despite significant changes in product profile (i.e. in all reactions

GH20, B-hexosaminidase BbHI

During catalysis, most retaining GHs generate a glycosyl-
enzyme intermediate whose anomeric configuration is opposite to
that of both the substrate (donor) and the products. However, GH
families 18, 20, 25, 56, 84, 85 and 123 use a substrate-assisted
mechanism, in which an equatorial N-acetyl in position C-2 of the
donor acts as the nucleophile.?® This leads to the formation of a
non-covalent  oxazoline- or  oxazolinium ion-enzyme
intermediatel®” (most likely an oxazolinium ion in the case of
GH20'8l). Importantly, this type of mechanism predominates in
GH-catalysed reactions involving 3-D-GlcpNAc or B-D-GalpNAc,
which are highly prevalent in biological systems. Hence, to assess
if the conserved sequence methodology presented here is also
applicable when a glycosyl-enzyme intermediate is not formed, a
GH20 enzyme was investigated.

Previously, GH20 hexosaminidases have been extensively
used for transglycosylation.®®" Herein we focus on BbHI from
Bifidobacterium bifidum."27 This enzyme has the ability to
catalyse the synthesis of LNT2 (B-D-GlcpNAc-(1—3)-B-D-Galp-
(1—4)-D-Glc, also known as lacto-N-triose 1l), a sought-after
glycomotif present in human milk oligosaccharides.”-7# Recently,
BbHI-D746E — D746 being involved in the oxazolinium ion
stabilization — was reported as the first glycosynthase with high
enzymatic activity, thus requiring only moderate enzyme
loading.l”®! Six mutants and BbHI-WT were analysed for their
ability to synthesize LNT2 from 10 mM 3-D-GlcpNAcOpNP and 40
mM lactose (Table 7 and Fig. 7). With no detectable D-GIcNAc
release, BbHI-HB03F seemed to display the highest T/H ratio, as
LNT2 formation was detected without noticeable GIlcNAc
formation, however combined with drastically reduced activity. At
high enzyme loading (15 pM), the reaction was incomplete after
12 h, hence further characterization of BbHI-H603F was
abandoned. Note that T/H ratio determination was not pursued as
the pulsed amperometric detection does not allow for (-
D-GlcpNAcOpNP concentration determination.

Table 7. GH20 engineering, maximum vyields of LNT2 synthetized by BbHI
forms from 10 mM B-D-GIcopNACOpNP and 40 mM lactose. Protein
concentrations used to obtain the yields within 2 h are indicated in yg-mL~"and
UM (in brackets).

BbHI forms LNT2 yield (%) Enzyme (ug-mL",
pM)

WT 16 93 (0.53)
R577K 36 229 (1.3)
H603F - -

D606N 9 229 (1.3)
W801H 17 810 (4.6)
W882H 66 862 (4.9)
D884N 12 582 (3.3)
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the monosaccharide concentration increases and that of di-and
trisaccharides decreases; Table S6). For all mutants the Te/He
ratio increased by 7-17 folds.

The variants R577K and W882H displayed high yields of
LNT2 (66% for W882H), although the latter was poorly active.
BbHI-R577K represents an interesting compromise, as it
generated a markedly higher yield of LNT2 (36 vs 16% for
BbHI-WT) at a reasonable enzyme loading (1.3 uM).

These results demonstrate that the conserved sequence
approach is not restricted to retaining GHs catalysing
transglycosylation  through a covalent glycosyl-enzyme
intermediate. Conversely, application of the approach to another
GH20, from Ewingella americana failed to generate variants able
to perform transglycosylation using B-D-GlcoNAcOpNP as donor
and lactose as an acceptor (data not shown). Although this
indicates that the strategy is not fully generic, we believe that it
was unsuccessful because the Ewingella americana WT GH20
did not possess detectable innate ability to use lactose as a
glycosyl acceptor. This supports our hypothesis that an innate,
even weak, transglycosylation activity is likely a prerequisite for
success using our approach.

70

o WT
714 W8es2H
+ R577K

LNT2 yield (%)

0 20 40 60 80 100 120
Time (min)
Figure 7. Single reactions HPAEC-PAD monitoring of LNT2 production by
BbHI-WT and its two best mutants from 10 mM B-D-GIcoNAcOpNP and 40 mM
lactose.
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Conclusion

Mutating enzymes from GH families 2, 10, 20, 29, 51 and  lacto-N-triose Il (LNT2), oligomannosides, oligoxylosides and
151 (belonging to clans A, K, R, or no clan), led to the successful  arabinoxylo-oligosaccharides. Remarkably, at least two mutants
enhancement of transglycosylation yields for most of the selected  displaying enhanced transglycosylation yield with reasonable
candidates (Table 8). This validates our conserved-residue enzyme loadings were obtained for each of the six GHs families
approach and illustrates its applicability to retaining GHs  targeted. Finally, it is remarkable that irrespective of the target GH,
irrespective of the structural fold, the specific catalytic mechanism  increased T/H ratio (no data available for GH20) correlated with
or exo- vs. endo-action. Moreover, a variety of sugars, D/L- improved yields (Table 8). On the other hand, even when
configurations, pyranose/furanose forms and o/B-stereochemistry  secondary hydrolysis is high (e.g. AIfB-WT), this reaction had little
are allowed, thus new access to hitherto refractory syntheses is  effect on the maximal yield of transglycosylation products.
provided. In a rather fast and direct manner, the strategy procured  Therefore, one can conclude that even if secondary hydrolysis is
the means to reach transglycosylation yields in the range 40-80%, undesirable from a practical point of view, it does not need to be
and thus allowed the synthesis of oligosaccharides such as  a priority target when improving transglycosylation yields.
a-L-Fucp-(1—3)-D-GIcNAc, a-L-Fucp-(1—6)-D-GIcNAc,

Table 8. Summary of the transglycosylases improvement via an elaborated sequence conservation-based approach of enzyme engineering.

Evaluated WT Best mutant(®
GH Enzyme Sequences candidates Improvement
family target retrieved (conserved Yield (%) Ratio T/H Yield (%) Ratio T/H rate (%)
residues)
2 CfMan2A 20 000 12 (14) 18 0.18 43 0.58 42
10 RmXyn10A 9288 9 (11) n.d. 0.58 n.d. 9.78 100
20 BbHI 20 000 6(9) 16 n.d.¢ 66 n.d.¢ 33
29 AlfB 15 328 7 (13) 18 0.29 57 1.89 57
AlfC n.d.d 2(n.d.) 17 1.00 26 1.93 100
51 TxAbf 11 553 8 (11) 9 0.14 82 > 50 100
151 PtGH151 1854 12 (16) 18 0.32 30 0.60 58

[a] Yield and T/H ratio come from either the same or different mutants. [b] Percentage of evolved enzymes displaying better transglycosylation capability
compared to its corresponding WT enzyme, i.e. yield and/or T/H ratio. [c] n.d.: not determined since RmXyl10A catalysed disproportionation reaction. Proportion of
formed Xs from X4 was used to evaluate this criterion. [d] n.d.: not determined (not available).

Converting hydrolytic GHs into potent glycosynthetic toolsis ~ one caveat is that some key determinants of the T/H ratio might
an attractive approach to extend the chemist’s toolbox,- notbe conserved residues and will thus be inaccessible using this
introducing catalysts that are compatible with green chemistry = method, although this will not be the case for all T/H ratio
principles. To some extent this has already been achieved, yet determinants. Therefore, the conclusion is that the method is
the time cost and effort to develop such tools is generally high. In  highly likely to generate improved mutants, although the
this regard, the strategy presented herein constitutes a  theoretically best mutant may not be among them.
considerable step forward, because it simplifies and thus In summary, the conserved sequence approach is novel
democratizes access to improved enzymes for glycosynthesis.  because it procures engineered transglycosylases without the
For chemists, this implies access to straightforward synthesis  need for extensive screening or prior in-depth knowledge of the
reactions, and obviate the need for difficult-to-obtain sugar donors, target enzyme. Moreover, the method systematically targets
cumbersome protection/deprotection cycles or vast quantities of ~ conserved residues, which are generally omitted in enzyme
enzyme. Another attractive feature of our strategy is its portability. ~ engineering to avoid loss of activity or stability.’s! The power of
This means that once a beneficial mutation is found in one GH  the approach residues in the fact that its aim is not to improve a
family member, it should be transferable to related enzymes (e.g.  defining characteristic of an enzyme, but rather to eliminate a
in members of the same family). This is precious because it offers  property (i.e. the ability to perform hydrolysis). We anticipate that
the ability to expand the portfolio of available evolved this method can be applied to other enzymes displaying activities
transglycosylases and synthetic oligosaccharides. Nevertheless,  or characteristics that must be suppressed rather than enhanced.
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Although glycosylation is common in Nature, it remains a challenge for organic chemistry. Herein, a method to obtain transglycosylases
from retaining glycoside hydrolases is described. The approach pinpoints 6—12 single-point mutants to assay. Invariably across six GH
families, this generates enzyme variants that display increased transglycosylation yields, an improvement that is mostly due to a relative

decrease of hydrolysis compared to transglycosylation. The method only requires sequence information, is fast and applicable to a
broad diversity of glycosides.
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