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Rational enzyme design without structural
knowledge: a sequence-based approach for
efficient generation of glycosylation catalysts

David Teze!”", Jiao Zhao?, Mathias Wiemann?, Kazi Zubaida Gulshan Ara*, Rossana
Lupo!, Mette Errebo Renne!, Goran CarlstromS, Jens Duus®, Yves-Henri
Sanejouand’, Michael J. O'Donohue?, Eva Nordberg-Karlsson*, Régis Fauré?, Henrik
Stilbrand? and Birte Svensson®”

Glycobiology is dogged by the relative scarcity of synthetic, defined oligosaccha-
rides. Enzyme-catalysed glycosylation using glycoside hydrolases is feasible, but is
hampered by the innate hydrolytic activity of these enzymes. Protein engineering
methods are applicable, though usually require prior structural knowledge of the
target enzyme and the use of powerful computing methods, and/or relies on extensive
screening methodologies. Here we describe a straightforward strategy that involves
rapid in silico analysis of protein sequences. The method pinpoints a small number
(<10) of mutant candidates aimed at diminishing hydrolysis and thus tipping the
reaction balance toward transglycosylation. Requiring no other significant prior
knowledge of the target enzyme than its sequence, the results reveal that the method
is quite generic, allowing the improvement of glycoside hydrolases that act on dif-
ferent a-/B-pyranosides or furanosides. Moreover, the presented data support that
mutational hotspots that are validated in one enzyme can be transposed to other
related enzymes.

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 complexity. Carbohydrates are composed of polyhy-
droxylated 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 f-anomeric
configurations'. 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 gen-
erate considerable amounts of waste. This is in stark contrast to polynucleotides and poly-
peptides, both of which are accessible via automated chemical synthesis processes and
through in vivo biological synthesis. Unfortunately, unlike these biopolymers, most carbo-
hydrates cannot be obtained using straightforward, generic technologies* amenable to auto-
mation.

Enzyme-catalysed glycosylation offers an alternative to chemical methods. The nat-
ural 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 har-
bouring numerous specificities®. Nevertheless, GTs have proven to be rather difficult to han-
dle in vitro and often require expensive nucleotide-glycoside donors’. Therefore, glycoside
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hydrolases (GHs) offer an alternative for glycosynthesis. These enzymes are particularly
abundant and their diversity in terms of bond breaking ability matches carbohydrate com-
plexity itself. GHs catalyse hydrolysis using a variety of mechanisms, but the majority per-
form two subsequent displacements at the anomeric carbon, thus yielding a product whose
anomeric configuration is identical to that of the substrate®®. GHs operating by such a mech-
anism are termed “retaining” GHs and represent 67% of all GHs (755496 classified mod-
ules) in the CAZy database, grouped in 83 out of its current 161 GH families (as of February
24% 2020). Allowing for rare exceptions'?, all other GHs are inverting. A result of the dou-
ble 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 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, but particularly enzyme
properties. Accordingly, engineering of GHs has proven to be a potent way to obtain
transglycosylases'2.

The most generic GH engineering approach described to date is the so-called glyco-
synthase strategy'>'®. This involves the creation of a crippled enzyme, in which a catalytic
carboxylate is replaced by a catalytically impotent moiety. The resulting mutant enzyme is
fed with a strongly activated substrate that mimics the reaction intermediate (e.g. an a-gly-
cosyl fluoride for a B-active wild-type (WT) enzyme), and turns the enzyme into an inverting
glycosynthase. Albeit powerful, this method relies on the availability of a suitably reactive,
but sufficiently stable substrate. Moreover, glycosynthases are intrinsically impotent biocat-
alysts that display extremely low activity, thus requiring large quantities of enzyme!>!".

An alternative strategy to convert GHs into efficient transglycosylases is to increase
the transglycosylation/hydrolysis (T/H) ratio 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 (ra-
tional design); or the creation of large 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'* !, we
previously demonstrated that transglycosylation capability can be improved without exten-
sive screening using structural information coupled with sequence conservation analysis.
Moreover, others have transposed our obtained beneficial mutations to related enzymes,

leading to significant transglycosylation yields??.

Herein we demonstrate how a refined sequenced-based approach can be used to im-
prove the T/H ratio (i.e. enhance transglycosylation capability) in a variety of predominantly
hydrolytic GHs. This strategy involves replacing an enzyme’s most conserved residues by
structural analogues (e.g., Tyr into Phe, Asp into Asn). The approach does not require struc-
tural or mechanistic knowledge of the GH. However, for enzymes where catalytic residues
and residues distant (>10 A) from the —1 subsite?* are known or can be predicted, those are
not mutated. Moreover, any conserved glycines and prolines are excluded?’. Using this strat-
egy, we demonstrate successful application to GHs from families 2, 10, 20, 29 and 51. This
approach is 1) fast, requiring the generation and analysis of < 10 variants per enzyme; ii)
generic, being applicable to a variety of glycosidic bond-forming reactions; iii) procures
highly efficient transglycosylases; and iv) allows for mutation transfer.



91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

110
111
112
113

114

115
116
117
118
119
120
121
122
123

Results

Multiple sequence alignment and residue conservation. The method described herein re-
lies on identifying conserved residues. While the concept of amino acid conservation is cen-
tral 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 resi-
dues that are significantly more conserved compared to others within a given sequence. For
this approach to be successful, a ranking method is required that is robust even in extreme
cases where the target sequences are either highly diverse, meaning that the overall strin-
gency of conservation is low, or alternatively where they are highly homogenous. The three-
step methodology begins with the collection of a large number of sequences, which are then
clustered to reduce redundancy®*?°. After clustering, iterative multiple sequence alignments
(MSA) are performed to select sequences that share at least 5% sequence identity. This min-
imum of sequence identity (termed “ID% threshold”) is then iteratively increased, while at
each step the residues are ranked by decreasing conservation. Their conservation is then
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 in-
creased. The corresponding MSA is analysed to identify the residues hereafter designated as
“conserved”. Iterative MSA and conservation analysis are performed using ClustalQ?® and

an in-house script.
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Fig. 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. From left to right, results obtained
from the analysis of the final MSA on GH families 2, 10, 20, 29 and 51 respectively. The arrows indicate the
last rank considered as “significantly more conserved” than the rest of the residues in one sequence.

To test the methodology, GHs from families 2, 10, 20, 29 and 51 were selected.
These cover a wide range of glycosidic bond features, each representing a distinctive syn-
thetic challenge. The outcomes of the sequence analysis are summarized in Table 1. Com-
paring GH10 and GHS51 shows that similar sequence pool sizes and identical stringency
criteria generate different heterogeneity levels (21 vs 35% average identity within sequences
kept — termed “mean 1D%”), while the cases of GH2 and GH20 reveal that similar hetero-
geneity can be obtained from a variable number of selected sequences (9301 vs 585 se-
quences retained from 20 000 retrieved). Nevertheless, in all cases the methodology yields
6—12 candidates for experimental evaluation.
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GH Enzyme Species Retrieved 1ID%* Sequences Mean Conserved Candidates
family target sequences | threshold kept D% residues evaluated®
GH2 CfMan2A C. fimi 20 000 12 9301 22.6 14 12
GH10 | XynlOA R. marinus 9288 15 4431 21.1 11 9
GH20 BbHI B. bifidum 20 000 10 585 22.5 9 6
GH29 AlfB L. casei 15328 20 1194 24.0 13 7
GHS51 TxAbf T. xylanilyticus 11553 15 3272 34.6 11 8

Table. 1 | MSA and residue conservation analysis. 2ID%: percentage of identity between sequences. "Aver-
age identity with the reference sequence. “Not evaluated Gly, Pro and identified catalytic residues.

GH2, p-mannosidase CfMan2A. Compared to the synthesis of a-D-mannosidic (or to -
D-glucosidic and B-D-galactosidic) bonds, the synthesis of f-D-mannosyl-containing com-
pounds is complicated by the axial 2-OH of D-mannosyl moieties. In the case of f-manno-
sidase-mediated synthesis, this constraint leads to a different conformational itinerary ('Ss
— [B2s]' — ©S2) compared to that adopted by most other p-pyranosidases-catalysed reac-
tions ('S3 — [*Hs]' — *C1)*’. Overall, the challenge of synthesizing p-mannosides® has led
to interest in enzymatic synthesis?*=! and several GH2 mannosidases have been success-
fully tested®>3*. Furthermore, a glycosynthase variant of the Cellulomonas fimi GH2 B-
mannosidase (CfMan2A) proved to be a proficient synthetic catalyst when fed with donor
o-D-mannosyl fluoride and various acceptors®’. Herein, we investigate whether CfMan2A-
mediated transmannosylation can be enhanced without using the radical glycosynthase
strategy.

The transglycosylation ability of wild-type (WT) CfMan2A and variants (collectively
“CfMan2A forms”) was evaluated with 5 mM p-nitrophenyl-B-D-mannopyranoside (B-D-
ManpOpNP) acting as both donor and acceptor substrate. Hence in the transglycosylation
reaction a mannosyl unit was transferred from a donor to an acceptor molecule, elongating
B-D-ManpOpNP with formation of B-D-Manp-(1—3)-f-D-ManpOpNP and B-D-Manp-
(1—4)-B-D-ManpOpNP (both referred to as pNP-Manz) from 5 mM B-D-ManpOpNP as
monitored using HPLC (Figs. 2 and S1). Nuclear magnetic resonance spectroscopy (NMR)
and mass-spectrometry (MS) (Fig. S1, Tables S1 and S2) were used to determine the chem-
ical structure of the products. Four variants (R360K, N428T, S474A and W612H) showed
markedly improved yields for pNP-Man; synthesis (32—43%) compared to C/Man2A-WT
(18%), while W169H, D170N, D386N and H496F were discarded due to low activity (<5
nkat-mg™).



153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182
183
184
185

CfMan2A | Yield Enzyme N
variant (%) (ug'mL™, nM)
WT 18 9.8 (104) =
R360K 37 30.9 (330) o
W362H 18 4.7 (50) E”
N428T 43 34.3 (360) g O -
=
S474A 32 33.2 (350) o
Z < o WT
H496Q 15 5.3 (56) 33 i
W612H 37 23.9 (253) N + N428T
Q613N 16 15.3 (162) °
W623H 17 2.8 (30) = : | : . |
0 1 2 3 4 5
Time (h)

Fig. 2 | GH2 engineering. Left, maximum yields of pNP-Man; synthetized by CfMan2A forms. Protein con-
centrations used to obtain the yields within 5 h are indicated in ug-mL™" and nM (in brackets). Right, HPLC
monitoring of the formation of pNP-Man; by CfMan2A-WT and two of its best mutants.

It is noteworthy that the best four C/fMan2A variants described herein were catalytically-
active and thus could be applied at loadings that were only moderately greater (2 to 3.5-fold,
Fig. 2) than that used for C/Man2A-WT, and hundred-fold lower than the ones required with
the CfMan2A-E519S glycosynthase®. Moreover, compared to WT enzyme, monitoring re-
vealed that the variants catalysed less secondary product hydrolysis and thus ensured high
product concentrations even over prolonged reaction times (Fig. 2). This result is significant
because secondary hydrolysis often impedes enzyme-mediated synthesis of 3-D-mannoside
conjugates®>3,

GH10, B-endo-xylanase RmXyn10A CM. Compared with most hexopyranoses, the pen-
topyranose configuration of the D-xylosyl unit confers enhanced flexibility and allows two
distinct conformational itineraries that are compatible with GH hydrolysis: 'S; — [*H;] —
*Cy and ?So — [>°B]' — °S1?"%7. Mechanistically interesting as it may be, the real challenge
posed by this enzyme is related to its endo-activity. This implies the use of a substrate that
does not possess an exceptionally good leaving group, and thus does not provide kinetic
control of the reaction, and also the necessity to monitor multiple products in order to assess
transglycosylation efficiency. This is because the reaction allows the transfer of oligosac-
charide moieties onto an acceptor in a single catalytic step and provides the means to syn-
thesize higher oligosaccharides displaying 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*®**!. Both negative and positive subsites®® in GH10 xylanases have been probed to
understand their influence on substrate binding and catalysis***, including
RmXyn10A—CM, the catalytic module of the endo-xylanase from Rhodothermus marinus
used here*S. However, very few reports concerned the transglycosylation reaction, these be-
ing limited to mutational studies of the aglycone subsites in a couple of GH10 xylanases***.

To characterise transglycosylation activity, xylotetraose (X4) was used as both donor
and acceptor substrate. All RmXynl0A—-CM forms were able to synthesise xylo-oligosac-
charides (XOS) larger than X4, predominantly accumulating Xs during the 4 h time frame
of the experiment (Figs. 3and S3). Notably, mutants HOON, N118T and W284H synthesized

5
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XOS with higher DP during the disproportionation of 20 mM X4 (Fig. S3) than the WT
enzyme.

RmXyn10A-CM| Maximal Xs Enzyme 15
variant area (nC-min) |(ug-mL™", nM)
WT 4.9 10.2 (21) o WT
A W284H
H69F 8.4 43.6(90) | + N118T
H69N 11.6 37.7 (78) 510 .
c
W73H 8.3 41.3 (86) 5
N118T 13.4 395082 |S
©
N169T 55 10.5 (22) O%’ 5 -
H204F 8.9 35.6(74) |°
H204N 6.9 36.3 (75)
D234N 6.6 39.1 (81) 0
0 1 2 3 4
W284H 10.7 38.5 (80) Time (h)

Fig. 3 | GH10 engineering. Left, Xylooctaose (Xs) synthesised by RmXyn10A—CM forms. Protein concen-
trations used to obtain transglycosylation within 4 h are indicated in pg-mL™! and nM (in brackets). Right,
monitoring of Xg synthesis by RmXyn10A-CM-WT and two of its best mutants using HPAEC-PAD. Residue
numbering refers to the catalytic module.

Further analysis revealed that using X4 as substrate, RmXyn10A—CM variants synthesized
XOS of DP 6—11 (Figs. S2 and S3, Table S3). Importantly, compared to the WT enzyme,
all variants display greater ability to form XOS exhibiting DP > 8 (Table S3), these being
the result of multiple transglycosylation events. The findings reveal that the conserved se-
quence approach led to RmXyn10A variants with significantly enhanced transglycosylation
abilities compared to the WT enzyme, primarily due to a drastic decrease of hydrolytic ac-
tivity (Fig. S4). Available structural data* reveal that the three most effective mutational
targets (H69, N118 and W284) are all closely interacting with the xylose moiety in the —1
subsite (Fig. S95).

GH20, p-hexosaminidase BhHI. During catalysis, most retaining GHs generate a glyco-
syl-enzyme intermediate whose anomeric configuration is opposite to that of both the sub-
strate (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 oxa-
zolinium ion-enzyme intermediate*® (oxazolinium ion in the case of GH20*°). Importantly,
this type of mechanism is predominant in GH-catalyzed reactions involving B-D-GIcNAc
or B-D-GalNAc, sugars that are highly prevalent in biological systems. Hence, to assess if
the methodology presented here is also relevant when a glycosyl-enzyme intermediate is
not formed, a GH20 enzyme was targeted.

Previously, GH20 hexosaminidases have been extensively used for transglycosyla-
tion>>*!. Therefore, herein we focused on BbHI from Bifidobacterium bifidum, sp. infantis*.
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 II), a widely sought-after glycomotif that
is present in human milk oligosaccharides’. Moreover, BhPHI-D746E — D746 being in-
volved in the oxazolinium ion stabilization — has been recently reported as the first glyco-
synthase with high enzymatic activity, thus requiring only moderate enzyme loadings®*. Six
6
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variants and BhPHI-WT were analysed for their ability to synthesize LNT2 from 10 mM f-
D-GlcpNAcOpNP and 40 mM lactose (Fig. 4). BbHI-H603F displayed the highest T/H ratio
(data not schown), but also a drastically reduced activity. With the highest enzyme loading
(15 uM), the reaction was incomplete after 12 h, thus further characterization of
BbHI-H603F was abandoned.

BbHI | Yield Enzyme 2o -
. . _1
variant (%) (ug'mL-, uM) o0 WT
60 7|4 W882H
WT 16 93 (0.53) + R577K
50
R577K | 36 229 (1.3) S
D40 ]
H603F - - >
£30 7
D606N 9 229 (1.3) 3
20
WS80IH | 17 810 (4.6)
10 7]
W882H | 46 862 (4.9)
o 1
D884N 12 582 (3.3) 0O 20 40 60 80 100 120
Time (min)

Fig. 4| GH20 engineering. Left, maximum yields of LNT2 synthetized by BbHI forms. Protein concentrations
used to obtain the yields within 2 h are indicated in pg-mL " and uM (in brackets). Right, HPAEC-PAD mon-
itoring of LNT2 production by BAPHI-WT and its two best mutants.

The variants R577K and W882H displayed high yields of LNT2 (66% for W882H),
although the latter was also poorly active. Nevertheless, BbHI-R577K represents an inter-
esting compromise, since compared to BbHI-WT, it generated a markedly higher yield (36
vs 16%) of LNT2 at a reasonable enzyme loading (1.3 puM). Importantly, these results
demonstrate that our strategy is not restricted to retaining GHs catalysing transglycosylation
through a covalent glycosyl-enzyme intermediate. Conversely, the application of our ap-
proach to another GH20, from Ewingella americana failed to generate variants able to per-
form transglycosylation using B-D-GlcpNAcOpNP as donor and lactose as an acceptor (data
not shown). Although this might indicate that the strategy is not fully generic, we believe
that this was unsuccessful due to the fact that the WT GH20 from Ewingella americana
displays no detectable ability to transglycosylate lactose (no other acceptors were tested).
This emphasises that the existence of innate, albeit weak, transglycosylation activity is pos-
sibly a prerequisite for success when using our approach.

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 'Cs — [*Ha] — 3Si
conformational itinerary is followed in enzymatic hydrolysis*’. A few studies have been
undertaken to improve GH29-mediated transfucosylation®®*’, including one in which di-
rected evolution was used™, albeit with varying success. For this study, we focused on AlfB
from Lactobacillus casei. This enzyme is reported to synthesize a-L-Fucp-(1—3)-D-Glc-
NAc?, the a-L-Fucp-(1—3) motif being particularly common with 8 out of 13 known
human fucosyltransferases being 3-fucosyltransferases®>. We assessed AIfB-WT and seven
of its mutants for their ability to synthesise a-L-Fucp-(1—3)-D-GIcNAc from 20 mM 2-
chloro-4-nitrophenyl a-L-fucopyranoside (a-L-FucpOCNP) and 20 mM D-GlcNAc (Figs. 5

and S7).
7
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Variant Yield Enzyme 3
(%) (ng-mL-', uM)
£ 8
AB-WT | 18 65 (1.4) =
H21F - - 2 5
o ¥
Y45F 21 20 (0.4) <
(8]
HB80F 57 250 (5.2) o 8
(92}
H81F 1.3 465 (10) 4
- 9
Y124F 15 740 (16) T " o WT
D129N 22 117 (2.5) :Z o JAF VHV;OC%FOH
WI130H 31 750 (16)
o
AIfC-WT 17 150 (1.0) 0 50 100 150 200
HS7F 26 4.500 (30) Time (min)
WI137H 22 500 (3.3)

Fig. 5 | GH29 engineering. Left, maximum yields of a-L-Fucp-(1—3)-D-GIcNAc and a-L-Fucp-(1—6)-D-
GlcNAc synthetized by AlfB and AIfC forms, respectively. Protein concentrations used to obtain maximum
yields within 3 h are given in ug-mL™"and pM (in brackets). Right, NMR monitoring of the product formation
with AIfB-WT and its two best mutants.

The mutant H21F presented barely detectable activity and was eliminated. Out of
the six remaining variants, HSOF and W130H presented markedly higher yields than AlIfB-
WT. AlfB-H80F procured very high transfucosylation yield (57%), while displaying high
transglycosylation rate (> 11 mM a-L-Fucp-(1—3)-D-GIcNAc was obtained within 1 h with
5 uM enzyme) and complete regioselectivity. It is noteworthy that mutation of the neigh-
bouring residue (H81F) almost eliminated transglycosylation. Therefore, these two adjacent,
conserved histidines possess opposite but determinant roles in regulating the T/H ratio. In
reactions catalysed by AIfB-WT the transglycosylation product is rapidly hydrolysed after
complete consumption of the donor substrate (Figs. S6 and S7). However, secondary hy-
drolysis was significantly decreased particularly for AIfB-W130H.

The two successful H80F and W130H mutations were transposed to another fuco-
sidase from Lactobacillus casei, AIfC, which is reported to synthesize a-L-Fucp-(1—6)-D-
GIcNAC, Although AIfB and AIfC are only distantly related (below 30% identity), anal-
ysis of AIfC-H87F and AIfC-W137H revealed that these also procured increased disaccha-
ride yields in reactions containing equimolar (8§ mM) amounts of a-L-FucpOCNP and D-
GlcNAc (Figs. 5, S8 and S9). Significantly, this result illustrates how successful mutations
generated in one enzyme can be transposed to other GHs without the need to perform further
analyses. In addition to the reduction of the sequence space and increased relevance, muta-
tions transfer is a key advantage of targeting conserved residues.

GHSI1, a-L-arabinofuranosidase 7xAbf. 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®!%?, a point that complicates
the organic synthesis of furanosides. As catalysis mediated by any given GH involves a
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specific conformational itinerary for the donor substrate, the lowered energy barriers be-
tween furanoside conformations® implies that furanosidase-catalysed reactions display al-
tered mechanisms when compared to those catalysed by pyranosidases. Therefore, it is of
interest to investigate to which extent the GH engineering approach described herein ap-
plies to furanosidases.

The hydrolytic a-L-arabinofuranosidase from Thermobacillus xylanilyticus (TxAbf)
belonging to the GH51 family®® was used as a model furanosidase. Displaying inherent abil-
ity to perform transfuranosylation®*%>, TxAbf has been the target of several studies aimed at
improving its transglycosylation capability?!-%6-8, All eight mutants generated in this study
showed improved ability to synthesize arabinoxylo-oligosaccharides (AXOS). Compared to
TxAbf-WT (9% yield), AXOS yields for the variants were in the range 19-82% (Fig. 6 and
Table S4), with R69K, N175T, D297N and H240F/N being the best performers (37-82%
overall yields). The transglycosylation activity (specific activity in transglycosylation mode,
SArT, Table S5) of the mutants was lower (0.1-66%) than that of the WT enzyme. It is note-
worthy that R69K-, H240F- and D297N-catalysed transglycosylation reactions required rel-
atively low amounts of catalyst (1.8—8 pg-mL™!, i.e. 32—140 nM; Fig. 6).

b
TxAbf | Yield® Enzyme
variant (%) (ug-mL™, nM) 80 7
WT 9 0.2 (3.5)
F26H 22 730 (12800) | 60
E28Q 23 0.8 (14) S
R69K 37 2 (35) S ]
0 40
N175T 42 200 (3500) | Q
< o WT
H240F 82 8 (140) | D toaoF
H240N 75 220 (3 900) 201 4 A D297N
Y242F 19 300 (5 300)
D297N 47 1.8 (32) o A g
0 5 10 15
Time (h)

Fig. 6 | GH51 engineering. Left, “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. "Protein concentrations used to obtain the yields within 15 h are given
in ug'mL™" and nM (in brackets). Right, NMR monitoring of transglycosylation yield progress for 7xAbf-WT
and two of its more significant mutants.

Previous work using random mutagenesis and screening already yielded mutants
F26L and R69H?! that, compared to F26H and R69K described herein, are slightly better
catalysts for transglycosylation (1.2-fold). However, the current strategy is less labour-in-
tensive, as it circumvents large library screening. In this respect, it is remarkable that the
variants H240N and H240F display different yields and regioselectivities (Table S4), thus
illustrating the value of further probing and fine-tuning of hotspots identified using our strat-
egy.
Significantly, compared to all previously reported single-mutants that enhance the T/H ratio

in TxAbf>!66-68 H240F/N display the highest transglycosylation yields combined with no-
ticeably greater regioselectivity (Table S4). Thus, we combined this mutation with the

9



310
311
312
313
314
315
316

317
318

319
320
321
322
323
324
325
326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341
342

343
344
345
346
347
348
349
350
351
352
353

354
355

356
357

N216W?! one, that favours higher regioselectivity towards the (1—2)-linkage of o-L-arabi-
nofuranosyl moieties to the non-reducing terminal D-xylopyranosyl of xylotriose as acceptor
(i.e. AXXX)?!. While both transglycosylation activity (SAT, Table S5) and yield (62 com-
pared to 82% for H240F) remained relatively high, the reaction was almost completely re-
gioselective (Table S4 and Fig. S10). Conveniently, available structural data and the con-
siderable corpus of knowledge related to 7xAbf furnish hypotheses to explain how the dif-
ferent mutations enhance the T/H ratio (Fig. S11 and related discussion).

Discussion

Mutating enzymes from GH families 2, 10, 20, 29, and 51, which represent different clans’
(A, K and R), led to the successful enhancement of transglycosylation yields (2- to 9-fold
compared to WT enzymes) in more than 50% of selected candidates. This powerful demon-
stration validates our conserved-residue approach and illustrates its applicability to retaining
GHs irrespective of the structural fold and the specific mechanism. Moreover, a variety of
sugars, D/L-configurations, pyranose/furanose forms and o/p-stereochemistry are tolerated,
thus new access to hitherto refractory syntheses is provided. In a rather fast and direct man-
ner, the strategy procured the means to reach transglycosylation yields in the range 50—80%,
and thus allowed the high yield synthesis of oligosaccharides such as a-L-Fucp-(1—3)-D-
GlcNAc, a-L-Fucp-(1—6)-D-GlcNAc, lacto-N-triose 11 (LNT2), oligomannosides, oligoxy-
losides and arabinoxylo-oligosaccharides. Remarkably, in each of the five GHs families tar-
geted, while using reasonable enzyme loadings, it proved possible to obtain at least one
mutant displaying enhanced transglycosylation yield.

Our approach is unusual in that it requires neither extensive screening, nor in-depth
knowledge of the target enzyme. This is possible, because the method systematically targets
conserved residues, which are generally omitted in enzyme engineering approaches in order
to avoid loss of activity or stability®®. It is a powerful approach here as it does not aim to
improve a defining characteristic of an enzyme, but rather sets out to eliminate a property
(i.e. the ability to perform hydrolysis). We anticipate that our method can be applied to other
enzymes displaying activities or properties that must be suppressed rather than enhanced.
One obvious caveat is that some key determinants of the T/H ratio might not be conserved
residues and will thus be undetectable using this method. Thus, this strategy is not very
likely to lead to the absolute best possible solution, but it does swiftly lead to an improve-
ment over the WT enzyme.

Converting hydrolytic GHs into potent glycosynthetic tools is an attractive approach
to extend the synthetic chemist’s toolbox, while introducing catalysts that obey green chem-
istry principles (e.g. use of non-toxic catalysts, aqueous solvents). However, so far, the suc-
cess of this approach has been hampered by the time and effort necessary to develop appro-
priate biocatalysts for each target reaction. The strategy presented herein goes a long way to
surmounting this obstacle, making it much simpler to obtain tailored biocatalysts that can
then be used to operate straightforward, relatively inexpensive synthesis reactions that do
not require difficult to obtain sugar donors, lengthy protection/deprotection cycles or exor-
bitant quantities of enzyme. Moreover, the transferability implies that the reported mutations
can be readily transferred to other GHs from the five described families, expanding the port-
folio of available evolved transglycosylases and synthetic oligosaccharides.

10
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Methods

Materials. Genes and genes variants, all codon-optimized for use in E. coli and inserted in
pET24a, pET28b(+) or pET28a(+), were ordered from GenScript (Piscataway, USA) or Bi-
omatik (Ontario, Canada), respectively. Gene sequences can be found in the Uniprot data-
base’® under the codes Q9XCV4 (CMan2A), P96988 (Xynl0A), D4QAP4 (BbHI),
AO0A125UDS8S (AlfB), AOA422MHI3 (AIfC) and 069262 (TxAbf). Substrates were ordered
from either Sigma-Aldrich, Carbosynth or Megazyme.

General procedures

Bioinformatics. Protein BLAST searches were performed on the NCBI server
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), from the non-redundant protein database’, using
default options, except in the case of the “Max target sequences” parameter, which was set
at 20000. Queries were made between January 31%, 2019 and May 3™, 2019. Obtained se-
quences were clustered®* to limit pairwise sequence identity at 80% by iterative cd-hit runs®>.
Iterative multiple sequence alignments were performed using ClustalQ?® to progressively
increase minimum pairwise sequence identity to a predefined threshold (10-20%) and reach
convergence using make msa.sh, a homemade bash script, available at https://gitlab.univ-
nantes.fr/sanejouand-yh/Sequences/tree/master. The same script was used to analyse se-
quence conservation.

Protein production and purification. Unless otherwise specified, pET24a, pET28a(+) or
pET28b(+) plasmids bearing target genes were used to transform BL21(DE3) E. coli cells.
Precultures of transformed cells were used to inoculate lysogeny broth media containing 30—
50 mg-L! kanamycin. Cultures (0.5-2 L) were incubated at 37°C with shaking until ODs0o
reached ~0.5—1. Gene expression was induced with 200-500 uM isopropyl-B-D-1-thiogalac-
topyranoside and continued 3—16 h at 20-37°C. Cultures were subsequently centrifuged,
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pellets resuspended, lysed, and centrifuged. The enzymes were purified from the supernatant
by Ni** (or Co?")-affinity IMAC chromatography. Eluates were analysed by SDS-PAGE,
and protein concentration was determined spectrophotometrically using UVago absorption
and molar extinction coefficients calculated in ExXPASy (www.expasy.org).

GH Family-specific procedures

GH2, CfMan2A. Activity of the C/Man2A and its variants were determined by measuring
the release of p-nitrophenol (pNP) from p-nitrophenyl-p-D-mannopyranoside (B-D-
ManpOpNP), using a version of the method described by Zechel et al*? adapted for micro-
plate assay. Briefly, reactions mixtures containing 1 or 5 mM B-D-ManpOpNP, 35 mM so-
dium phosphate pH 7.0 and appropriately diluted enzyme were incubated at 35°C for 10
min. The reaction was stopped by adding 1 M Na>COs3 and released pNP was measured on
an Epoch Microplate spectrophotometer (BioTek Instruments, USA) at 405 nm. All assays
and reactions (below) were in duplicates.

To evaluate the transglycosylation ability of the CfMan2A forms, reactions containing 5 mM
B-D-ManpOpNP and 3—34 ug-mL! enzyme in 35 mM sodium phosphate pH 7.0 were incu-
bated up to 6 h at 35°C. Aliquots were collected at appropriate time intervals throughout the
reaction, heat denatured (95°C, 10 min) and filtered (0.22 um PTFE). Aliquots were sepa-
rated at 40°C on a Luna Omega SUGAR HPLC-column (Phenomenex, USA) using an Ulti-
Mate 3000 HPLC system (Thermo Fisher Scientific, USA) with 40:60 water:acetonitrile el-
uent (v/v) at 1 mL-min"!. A VWD-3400RS detector was used (Thermo Fisher Scientific,
USA), measuring absorbance at 300 nm. The presence of transglycosylation products were
determined with mass spectrometry and analysed with NMR spectroscopy as described in
Supplementary Information, section 1.2.

Progress curves of pNP-Man, production for CfMan2A forms were generated from HPLC
analysis as above for reaction times up to 6 h (7—10 sampling points, see Fig. 2). pNP-Man,
was quantified using pNP-cellobioside as a standard. The yield of pNP-Man; was calculated
as the amount of B-D-ManpOpNP used as either acceptor or donor in the production of pNP-
Man; divided by the amount of loaded B-D-ManpOpNP.

GH10, RmXyn10A CM. GH10 transglycosylation activity was characterized by incubating
20 mM X4 with RmXynl0A CM forms. Reaction mixtures containing 10-43 pg-mL™!
GH10 in 20 mM sodium phosphate pH 7.0 were incubated at 65°C for 4 h. Aliquots (15 uL)
were withdrawn at different time points, diluted in 0.5 mM NaOH, filtered, and analysed on
high performance anion-exchange chromatography coupled with pulsed amperometric de-
tection (HPAEC-PAD) using an ICS-5000 (Dionex) monitored by the software Chromeleon.
Separation was carried out at 30°C on a CarboPac PA-200 using 100 mM NaOH at 0.5
mL-min~! and a linear gradient of 0—120 mM sodium acetate.

The reaction mixtures for MALDI-TOF-MS analysis contained 1043 pg-mL™! GH10 in 20
mM sodium phosphate pH 7.0 and were incubated at 60°C for 4 h. MALDI-TOF-MS spectra
were obtained on a Bruker Daltonics Autoflex Speed MALDI-TOF (/TOF) spectrometer in
positive ion reflector mode and recorded in the mass range from 200 to 4000 or 5000 Da.
Samples were diluted in MilliQ H>O to a total salt concentration <10 mM, and 1 pL of this
dilution was mixed with 0.5 puL aqueous 10% dihydroxybenzoic acid (DHB) matrix solution
on a stainless steel target and left to dry at room temperature. Sample irradiation was done
at 55% laser power by targeting the laser pulses at amorphous crystal regions, regularly
shifting to remove heterogeneity in the sample. Calibration was done internally by addition
of xylo-oligosaccharides Xi1—Xs. The hydrolysis assay was performed in 0.1 mL reactions
with 2 mM B-D-xylotriosideOpNP in 20 mM sodium phosphate pH 7.0, at 70°C for 5 min
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and the reaction was stopped using one volume of 0.1 M NaOH. The absorbance was meas-
ured at 400 nm using a Multiskan spectrophotometer from Thermo Scientific. The extinction
coefficient (18250 M-cm™') of released p-nitrophenol (pNP) was determined using a stand-
ard of pNP (Sigma).

GH20, BbHI. GH20 transglycosylation was monitored by HPAEC-PAD. Samples with
0.5-5 uM GH20, 10 mM B-D-GlcpNAcOpNP and 40 mM lactose in 50 mM sodium phos-
phate, 0.1% BSA pH 7.0 were incubated (2 h, 37°C), then heat denatured (2 min, 98°C),
centrifuged, and the obtained supernatant was diluted five-fold in milliQ H>O and filtered.
Separation was carried out at 30°C on a CarboPac PA-1 (Dionex) using an ICS-5000 (Di-
onex) monitored by the software Chromeleon (Dionex). NaOH 0.1 M was used as eluent in
20 min separations at 250 pL-min!.

GH29, AIfB and AIfC. GH29 transfucosylation was assessed from NMR spectra recorded
on an 800 MHz Bruker Avance I1I (799.75 MHz for 'H) equipped with a 5 mm TCI cry-
oprobe using 'H with presaturation. AlfB-catalysed reactions were carried out with 20 mM
0-L-FucpOCNP, 20 mM D-GIcNAc, and 20750 pg-mL~! (0.4-16 nM) GH29 in 600 pL 40
mM sodium phosphate pD 7.0 (pD=pHumeter reading+0.4, 6.6 on readings)’". Time course ex-
periments were obtained using pseudo-2D kinetics experiments, with 'TH NMR spectra rec-
orded every 3 min. Integration of anomeric protons is inaccurate due to the closeness of the
presaturated HOD peak, therefore chemical shifts at 4.26 (H-2 of D-GIcNAc in a-L-Fucp-
(1—3)-D-GlcNAc) and 4.05 ppm (a-L-FucpOCNP) were used for integration (Fig. S6).
AlfC-catalysed reactions were identical but using 8 mM donor and acceptor, and the use of
the fucose methyl group protons to assess concentrations (Figs. S7 and S8).

GHS51, TxAbf. The activities of 7xAbf and mutants thereof were determined using a discon-
tinuous enzyme assay®. Reactions were performed in triplicate at 45°C in 50 mM sodium
phosphate pH 7.0 containing 1 mg-mL™' BSA, using 5 mM o-L-ArafOpNP without/with 10
mM xylotriose as acceptor in hydrolysis and transglycosylation modes, respectively. The
amount of pNP released, which was measured at 401 nm, was calculated using an appropri-
ate standard curve of pNP. Negative controls containing all of the reactants except the en-
zyme were used to correct for spontaneous hydrolysis of the donor substrate.

To monitor the transglycosylation products profiles from 'H NMR spectra at 500 MHz on a
Bruker Avance II spectrometer equipped with a TCI probe, reactions were performed at
45°C in NMR tubes containing 600 pL. 5 mM a-L-ArafOpNP, 10 mM xylotriose and 7xAbf
enzymes (3.5—12 800 nM) in 10 mM sodium phosphate pH 7.0/D2O: 9/1, v/v, with 1
mg-mL~' BSA. The quantity of enzyme (Fig. 6) was adjusted to suit the 13—19 h reaction
time frame. Time course of NMR monitoring was obtained using pseudo-2D kinetics exper-
iments based on a phase sensitive NOESY sequence with presaturation, with spectra col-
lected every approximatively 9 min (i.e. twice 32 scans). The transglycosylation yields were
determined by relative integration of anomeric proton signals from the a-L-Arafunit of each
AXOS (Table S4)*%¢. Concentration of a-L-ArafOpNP donor was quantified by integrating
its relevant anomeric proton signals at 5.86 ppm. Molar balances, based on initial donor
signal as internal reference, were used to convert the transglycosylation product signal inte-
gral into concentration.
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This SI section contains methods and a range of results from analytics (high-performance liquid
chromatography, HPLC; mass spectrometry, MS; nuclear magnetic resonance spectroscopy, NMR)
used to identify specific oligosaccharides and monitor their production during transglycosylation
reactions.

1) GH2, B-mannosidase CfMan2A

1.1 HPLC and MS analysis of C/fMan2A transglycosylation products

HPLC (LUNA Omega Sugar column) was used to monitor the formation of transglycosylation prod-
ucts of CfMan2A-catalyzed reactions containing 5 mM p-nitrophenyl -D-mannopyranoside (B-D-
ManpOpNP) as both donor and acceptor substrate (Figure S1). For MS and NMR analyses, 5 mM -
D-ManpOpNP and 34 pg-mL™" C/Man2A-N428T, in 35 mM sodium phosphate pH 7.0 reacted for 2
h at 35°C. The reaction was stopped by heat denaturation (95°C, 10 min) and 100 pL was filtered
and separated using HPLC. Elution volumes for B-D-ManpOpNP (peak 1) and pNP (peak 5) were
determined by injection of chemical standards. Fractions eluting between 3.3 and 4.1 mL were col-
lected (85 uL), covering peaks 2 through 5 (Fig. S1). The collected fractions were concentrated ap-
proximately 10-fold by evaporation in an RVC 2-18 vacuum concentrator (Martin Christ Freeze
Dryers, Germany) and analysed using matrix-assisted laser desorption/ionisation time-of-flight MS
(MALDI-TOF MS). Fractions (0.5 uL) were combined with 0.5 uL matrix solution (10 mg-mL™"
2,5-dihydroxybenzoic acid in 5 mM sodium acetate pH 5.3) directly on a stainless steel target and
dried under warm air. The fractions were analysed on a 4700 Proteomics Analyzer (Applied Biosys-
tems, USA) and data were analysed using DataExplorer software (Applied Biosystems, USA). This
revealed that peaks 2 and 3 (eluted between 3.3 and 3.6 mL; Fig. S1) contained compounds with m/z
corresponding to p-nitrophenyl-B-D-mannobioside (pNP-Man,). Similarly, MS revealed that frac-
tions collected between 3.8 and 4 mL (i.e. peaks 4 and 5) contained p-nitrophenyl-B-D-mannotrioside
(pNP-Manjs).

0.7 1
: — Wt 30 min

-S474A 30 min
N428T 2h

0.6

0.5

0.4

0.3

AbS300,m

0.2

0.1 4

2.5 3 3.5 4 4.5 5
Elution time (min)

Figure S1 | HPLC analysis of transglycosylation reactions using C/Man2A-WT (black line) and variants S474A (red
dotted line; both reaction mixtures diluted four times) and N428T (grey line, undiluted reaction mixture). The N428T reac-
tion mixture was used for NMR analysis and peak identification by MS. Peak 1 is B-D-ManpOpNP as determined using a
standard compound, peaks 2 and 3 were identified as pNP-Manz with MALDI-TOF MS (observed m/z: 486.10, theoretical
[M+Na]* for pNP-Man.: 486.12), peak 4 is pNP-Man; (observed m/z: 648.14, theoretical [M+Na]" for pNP-Mans: 648.18)
and peak 5 was identified as released pNP using a standard compound.
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1.2 NMR analysis of the CfMan2A-catalyzed transglycosylation reactions

a) NMR methods

CfMan2A-N428T (34 pg'mL™") was incubated 2 h in 35 mM sodium phosphate pH 7.0 with 5
mM p-nitrophenyl-B-D-mannopyranoside (B-D-ManpOpNP) before removing 4 mL of the reaction
mixture for NMR spectroscopic analysis. The sample was twice lyophilized and dissolved in 0.6 mL
D,0 (99.9 atom % deuterium, Sigma-Aldrich).

NMR spectra were acquired at 318 K using an Agilent Varian VNMRS 500 MHz spectrometer
equipped with a 5 mm HCN probe. This temperature was chosen to prevent interference from the
resonance of residual HDO. The NMR chemical shifts were referenced with respect to the resonances
of the anomeric CH-group (H-1) of a-D-mannose at 5.17 (‘H) and 96.8 ppm (*3C), these values from
the NMR chemical shift database BioMagResBank' (www.bmrb.wisc.edu, entry no. bmse000018)
were measured using a solution of a-D-mannose (0.5 mM) in 50 mM sodium phosphate buffer, equiv-
alent to pH 7.4, in D,O at 298 K, referenced to sodium trimethylsilylpropane-sulfonate (DSS).
Standard 2D experiments (DQF-COSY, z-TOCSY with 120 ms mixing time, NOESY with 500 ms
mixing time, *C-HSQC, and *C-HMBC, optimized for 8 Hz) were used for chemical shift assign-
ments, using SPARKY? software. TOCSY and NOESY experiments were typically run using a spec-
tral width of 4680 Hz in the indirect dimension, 512 increments, 32 scans, and a recycle delay of 2
s, resulting in roughly 22 h acquisition time. The 2D *C-HSQC experiment was acquired with im-
proved resolution in the indirect dimension using non-uniform sampling (NUS) of 400 (41%) out of
a total of 974 increments. The experiment used a recycle delay of 2 s, 32 scans, and an indirect
spectral width of 12066 Hz, giving a total acquisition time of 16 h. The NUS sampled *C-HSQC
experiment was reconstructed and processed using NMRPipe®. The 'Jc.1 .1 scalar coupling constants
were determined from the '3C-satellites in a 1D 'H spectrum.

An additional high resolution 1D '"H spectrum at 318 K was obtained using a Bruker 500 MHz
AVANCE III HD spectrometer equipped with a 5 mm BBOF probe. 1024 transients were acquired
during 5 s and a recycle delay of 1 s. Using this spectrum, the *Ju.1 .2 scalar coupling constants were
estimated from the doublet splitting of the anomeric H-1 signals in the spectrum, processed with a
pure sine window function to obtain highest possible resolution. Estimates of the relative amounts
of the different reaction products were obtained from integration of H-1 and resolved H-2 resonances
ina 1D '"H NMR spectrum.

b) NMR results

The CfMan2A-N428T reaction mixture contained the substrate f-D-ManpOpNP, transglycosyla-
tion products (Fig. S1) and D-mannose that results from hydrolysis of the substrate. Identification of
the transglycosylation products was performed using 'H- and *C-NMR spectroscopy. The 1D 'H
spectrum of the sample revealed the presence of ten anomeric resonances, corresponding to ten D-
Manp moieties (labelled A-I). Three of the D-Man units could be identified as a-D-Manp, B-D-Manp,
and B-D-Manp®OpNP, i.e. D-Manp unit B, from comparisons to 'H- and *C- NMR spectra of the
substrate 3-D-ManpOpNP (NMR data acquired in-house), or using the NMR chemical shift database
BioMagResBank', for a-, and B-D-Manp residues. Each of the spin systems with the remaining ano-
meric resonances were identified, and virtually complete '"H and *C resonance assignments of the
corresponding D-Manp residues were obtained (Table S1). The chemical shifts of the 'H anomeric
(H-1) resonances are consistent with expected chemical shifts for substituted p-D-Manp units*>.
3
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Three of the anomeric protons (from D-Manp moieties A—C) show correlations in the *C-HMBC
spectrum to the p-nitrophenyl group, identifying substituted D-Manp residues. Information on the
connectivity between the different D-Manp residues were then obtained from elevated *C chemical
shift of the substituted carbon®, direct observation of heteronuclear three-bond correlations over the
glycosidic linkage, and observation of NOE between protons close in space. The pNP-linked D-Manp
units A and C, together with the remaining five D-Manp units (labelled D-G & I) could be shown to
belong to D-Manp units of four reaction products, i.e. two dimannosides and two trimannosides,
identified as B-D-Manp'-(1—3)-B-D-Manp“OpNP (18%), B-D-Manp®-(1—4)-B-D-Manp*OpNP
(56%), B-D-Manp®-(1—4)-B-D-Manp®-(1—3)-B-D-Manp“OpNP (13%), and B-D-Manp"-(1—4)-B-
D-ManpP-(1—4)-B-D-Manp*OpNP (13%), with the approximate relative yields given in parenthesis.
Table S2 lists the specific NMR observations used for the identifications of these transglycosylation
products. D-Manp residues termed either A, C, or F above have virtually identical chemical shifts as
they have similar chemical environments, although they are each present in two different reaction
products (Table S1). Many of the 2D resonances from these D-Manp groups show a slight defor-
mation or skewness, indicating the presence of two signals. Distinct cross peaks and/or NOEs were
observed from D-Manp residues A, C, and F to their respective adjacent D-Manp residues in the
different reaction products (Table S2).

The analysis of the two known dimannosides f-D-Manp-(1—3)-B-D-ManpOpNP and -D-Manp-
(1—4)-B-D-ManpOpNP is in good agreement with the literature (Table S1)*, taking into account the
different experimental temperatures and referencing procedures. However, it is noteworthy that com-
paring the previously reported* values with each other, *C-shifts for B-D-Manp-(1—4)-B-D-
ManpOpNP are unusually small compared to their reported values for B-D-Manp-(1—3)-B-D-
ManpOpNP, with a difference of about 3 ppm, possibly due to different referencing within the same
study*.

The anomeric configurations were in all cases determined to be of the form B-D-Manp, with an
axial H-1. The value of the 'Jc.1n.1 scalar coupling constant has been reported to be a reliable indi-
cator of the anomeric configuration’, and for D-Manp from groups A, C, and E the measured values
for 'Jc.1 1 were all ~162 Hz, in contrast to a value of ~170 Hz for an a-configuration (i.e. with an
equatorial H-1). The 'Jc.1n.1 coupling constant could not be determined for the other D-mannosyl
groups due to low sensitivity or spectral overlap. The /i1 n2 scalar coupling constants could be
determined for several of the D-Manp units, and were all ~1 Hz as expected for f-D-Manp-containing
oligosaccharides®. Spectral overlap prevented determination of the coupling constants for units F and
I. Additional confirmations for the B-configuration were obtained from strong NOE observed from
H-1 to H-2, H-3, and H-5 protons’, for all D-Manp moieties. D-Manp units D and G, which both are
the internal unit in a trimannoside, have weaker H-1 to H-3 NOE.



134 Table S1 | 'H and '3C NMR chemical shifts (ppm) for identified dimannosides and trimannosides in D,O at
135 318 K.

Carbon no. 1 2 3 4 5

B-D-Manp'-(1—3)-B-D-Manp OpNP

D-Manp® - 'H 547 4.43 4.06 3.84 3.64
D-Manp® — 1*C 99.8 70.1 81.5% 67.7 79.0
D-Manp' - 'H 4.88 4.10 3.68 3.61 3.40
D-Manp' - 1*C 99.7 73.5 75.7 69.6 79.2

B-D-Manp®-(1—4)-B-D-Manp*OpNP

D-Manp® — 'H 5.50 4.29 3.92 3.95 3.73
D-Manp? — 13C 99.9 72.5 74.0 79.0¢ | 77.9
D-Manp® —'H 4.76 4.09 3.66 3.60 3.45
D-Manp® — B3C 1029 | 73.3 75.6 69.4 79.2

B-D-Manp®-(1—4)-p-D-Manp©-(1—3)--
D-Manp©OpNP

D-Manp® - 'H 547 4.43 4.06 3.84 3.64
D-Manp® — 1*C 99.8 70.1 81.5% 67.7 79.0
D-Manp® — 'H 4.90 4.15 3.84 3.85 3.53
D-Manp® — 13C 99.6 73.0 74.3 79.4% 77.8
D-Manp® - 'H 4.73 4.06 3.65 3.58 3.44
D-Manp® — 1*C 1029 | 73.2 75.6 69.4 79.2

B-D-ManpF-(1—4)-B-D-Manp®-(1—4)-p-
D-Manp*OpNP

D-Manp® — 'H 5.50 4.29 3.92 3.95 3.73
D-Manp? — 1°C 99.9 72.5 74.0 79.08 | 77.9
D-Manp® — 'H 4.78 4.14 3.82 3.84 3.57
D-Manp® — 13C 1029 | 72.7 74.2 79.2¢ | 77.8
D-Manp® — 'H 4.73 4.06 3.65 3.58 3.44
D-Manp® — 1*C 1029 | 73.2 75.6 69.4 79.2

136  “Elevated '3C chemical shifts revealing site of substitutions are marked in red.
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139

140  Table S2 | NMR information used for the identifications of transglycosylation products.

B-D-Manp'-(1—3)-B-D-Manp“OpNP:

BC chemical shift (8 = 81.5 ppm) for B-D-Manp® C-3,

Direct cross peak in *C-HMBC between p-D-Manp' H-1 and B-D-Manp®© C-3,
NOE between B-D-Manp' H-1 and B-D-Manp® H-2,

NOE between B-D-Manp' H-1 and B-D-Manp® H-3.

B-D-Manp®-(1—4)-p-D-Manp*OpNP:

BC chemical shift (§ = 79.0 ppm) for p-D-Manp”* C-4,
NOE between B-D-Manp® H-1 and B-D-Manp” H-4,
NOE between B-D-Manp® H-1 and B-D-Manp” H-3,
e NOE between B-D-Manp® H-1 and B-D-Manp® H-6,
Partial overlap of B-D-Manp* C-4 and B-D-Manp® C-5 prevents 3-bond correlation from B-D-
Manp® H-1 to be unambiguously observed.

B-D-Manp®-(1—4)-B-D-Manp©-(1—3)-B-D-Manp“OpNP:

BC chemical shift (8 = 81.5 ppm) for B-D-Manp® C-3,
BC chemical shift (5 = 79.4 ppm) for B-D-ManpS C-4,
Direct cross peak in *C-HMBC between B-D-ManpS H-1 and B-D-Manp®© C-3,
NOE between B-D-Manp® H-1 and B-D-Manp® H-2,
NOE between B-D-Manp® H-1 and B-D-Manp® H-1,
NOE between B-D-Manp® H-1 and B-D-Manp® H-4/3,
e NOE between B-D-Manp® H-1 and B-D-Manp® H-4/3,
Partial overlap of B-D-Manp® C-4 and B-D-Manp" C-5 prevents 3-bond correlation from B-D-
Manp® H-1 to be unambiguously observed.

B-D-Manp*-(1—4)-p-D-Manp®-(1—4)-p-D-Manp*OpNP:

BC chemical shift (§ = 79.0 ppm) for B-D-Manp* C-4,
BC chemical shift (§ = 79.2 ppm) for B-D-Manp® C-4,
Direct cross peak in *C-HMBC between B-D-Manp® H-1 and B-D-Manp* C-4,
NOE between B-D-Manp® H-1 and B-D-Manp® H-4/3
e NOE between B-D-Manp® H-1 and B-D-Manp” H-4/3
Partial overlap of B-D-Manp® C-4 and B-D-Manp® C-5 prevents 3-bond correlation from B-D-
Manp® H-1 to be unambiguously observed.
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2) GH10, B-xylanase RmXyn10A CM
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Figure S2 | Xylo-oligosaccharide analysis using mass spectrometry. MALDI-TOF-MS spectra of the so-
dium adducts of transglycosylation products generated using: A. RmXynl0A CM-WT; B. RmXynl0A CM-
N118T. Reactions were run at 60°C in 20 mM sodium phosphate pH 7.0. Major transglycosylation product
peaks were detected at m/z 833.4827, 965.5205 and 1097.5826 corresponding to the [M+Na]* ions of D-
Xylp-containing hexamer (X¢), heptamer (X7) and octamer (Xs). Additional peaks were observed at m/z
1229.65, 1361.73 and 1493.83 corresponding to [M+Na]* ions of X, X9 and X (theoretical [M+Na]*:
1229.38, 1361.42 and 1493.47).
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Figure S3 | HPAEC-PAD analysis of xylo-oligosaccharides. Chromatograms showing product profiles of
transglycosylation reactions catalysed by RmXynl0A CM-WT and its variants HO9N, N118T and W284H.
For each RmXynl10A CM form, chromatograms display reaction profiles after 2 (black) and 4 h (brown),
respectively. D-xylose (Xi) and xylo-oligosaccharides up to xylohexaose (Xs) were used as standards (blue)
to facilitate product analysis.
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160  Figure S4 | Hydrolytic activity of RmXyn10A_CM forms. Hydrolytic activity of the RmXyn10A_CM
161 forms on 2 mM B-D-xylotriosideOpNP in 20 mM sodium phosphate pH 7.0, at 70°C.

162

W284

163

164  Figure S5 | Illustration of the binding region of modelled RmXyn10A_CM showing the positions of
165 H69, N118 and W284. Xylotriose (X3) coloured green is docked into subsites —3 to —1. Catalytic residues
166 are coloured orange and potential hydrogen bonds are shown as dotted black lines. This figure was prepared
167 by using UCSF Chimera.
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169

Table S3 | Areas (nC-min) of peaks corresponding to products identified in reactions catalysed by

170 RmXyn10A_ CM forms using 20 mM xylotetraose (X4) as both donor and acceptor, in 20 mM sodium phos-
171 phate pH 7.0 at 65°C.
Time 1h 2h | 4h
Peak Xs X6 X7 Xs Xy Xio Xs X6 X7 Xs Xy X0 Xs X6 X7 Xs Xy X0
WT 3.0 2.7 0.7 0.9 0.4 0.1 3.0 1.2 2.6 3.8 0.3 0.6 3.1 2.4 4.7 4.9 0.5 0.6
+0.7 +0.5 +1.0 =*1.3 +1.1 14| +08 +04 +1.0 +20 *1.2 =£1.0|+04 +05 +06 2.1 =*1.2 *1.0
H69F 0.1 0.3 0.7 14 0.3 0.2 0.4 0.3 2.7 6.8 0.6 1.5 0.6 0.6 4.3 8.4 0.8 1.6
14 +2.1 +1.7 04 +£1.6 1.1 |+1.6 =£1.1 £1.2 1.1 1.0 =*1.2 | £l.1 *1.3 *1.1 +£23 =£1.3 0.5
H69N 0.1 0.3 0.7 1.5 0.3 0.3 0.6 0.4 2.5 6.4 0.6 1.5 1.1 0.8 59 116 09 1.8
+1.1 1.1 #1.0 +0.1 #12 +13|+1.2 +13 +0.6 +£2.7 0.6 *1.0]|+13 13 1.1 19 +1.0 +04
W73H 0.4 0.7 0.8 1.7 0.3 0.3 0.9 0.5 2.8 6.6 0.6 1.5 1.2 0.6 4.2 8.3 0.8 1.6
+1.6 +1.2 +1.1 +0.5 +£25 *1.1|+25 =£I.1 +0.8 *12 08 =£1.0 | £1.1 *1.5 =*1.2 £2.6 =14 0.6
N118T 0.1 0.4 0.6 1.5 0.3 0.3 1.2 0.9 65 134 08 2.0 1.3 1.0 6.8 121 1.0 1.7
+1.0 20 +1.0 =*1.3 14 +29|+14 £29 1.1 +22 +06 +09 | +1.0 *14 =*1.5 £33 1.5 =*14
N169T 2.2 2.6 0.7 14 0.2 0.2 3.0 1.9 2.9 5.5 0.4 1.2 2.7 1.1 2.7 4.8 0.6 1.2
+14 1.1 #12 430 +1.0 +1.6 | +1.0 *1.6 +09 =I5 =#*I.1 09| +09 +£1.0 *1.8 19 12 +1.0
H204F 0.1 0.1 0.5 1.3 0.2 0.2 0.3 0.4 2.5 5.8 0.6 14 0.6 0.7 4.8 8.9 0.9 1.5
+1.3 +1.6 +1.5 =£I1.1 1.1 14| *1.1 =*1.4 *1.0 *1.8 *1.3 =£1.0 | *1.3 *1.1 +09 24 14 *1.2
H204N 0.1 0.1 0.7 1.5 0.1 0.2 0.4 0.4 2.4 6.0 0.6 1.3 0.5 0.6 3.7 6.9 0.8 14
+1.0 *1.2 +12 +03 1.3 *12|+14 =£1.2 +09 05 =*1.1 +09 | £1.2 *13 +09 £2.1 1.7 0.6
D234N 0.1 0.4 0.9 1.7 0.2 0.3 0.5 0.3 2.7 5.7 0.6 1.5 0.7 0.6 34 6.6 0.8 1.5
+1.1 25 #1.1 #1.0 #13 #12 | +1.2 +1.6 +0.8 04 1.1 08| +1.2 1.1 1.0 1.5 #1.5 =+1.1
W284H 0.1 0.3 0.9 1.7 0.2 0.2 0.6 0.5 35 7.4 0.7 1.5 0.9 1.0 6.2 107 1.0 1.7
+1.3 +1.3 +13 =£1.7 1.3 12| +1.1 =£1.0 1.1 1.1 *1.1 =£I.1 | £1.2 *1.1 +08 =£I1.5 1.5 =*1.6
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3) GH29, a-fucosidase AlfB

Time course of disaccharide formation catalysed by AIfB-WT reveals a peculiar behaviour (Fig. 5).
Disaccharide formation is slow and once maximal disaccharide yield is reached; it appears to plunge
rapidly. Plotting pNP release rate versus donor substrate concentration ([a-L-FucpOCNP]) reveals
that this untypical behaviour can be partly explained by the fact that at high (>8 mM) concentration
the donor inhibits the WT enzyme (Fig. S6) and that at low donor concentration secondary hydrolysis
rapidly leads to the decomposition of the disaccharide (Fig. S6). In the case of AIfB-H80F, and most
other AlfB mutants, substrate inhibition appears to be abolished, and secondary hydrolysis is re-
duced.

™~ 7 60 ]
© - )
X .
5 o WT
0 - 2 A W130H
0 40 7] + H8O0F
<
— < z
) )
2 Q30 T
X o )
T
~ 4| | o AB-WT g 20
L
[
- 310
o & T T 1 0
0 5 10 15 0 20 40 60 80 100
[ @ -CNP-Fuc] (mM) o -CNP-Fuc conversion (%)

Figure S6 | AlfB behavior as a function of a-L-FucpOCNP concentration. Left, AIfB-WT hydrolysis kinetic
profile assessed at 25 °C in 50 mM sodium phosphate pH 7, at 20 ng-mL"!. Right, transglycosylation product
evolution as a function of donor conversion.

NMR spectroscopy was used to assess the transfucosylation capabilities of AlfB forms (see Methods
section in the main text). Not all anomeric signals could be followed due to the close vicinity with
the HOD peak and its suppression, but signals for the donor, the acceptor and the disaccharide
product could be monitored. Particularly, the latter was followed with 4 signals, one for both
anomers of the disaccharide, two for its a-anomer and one for the B-anomer (& = 5.06, 4.93, 4.9
and 4.06 ppm, respectively; Fig. S6).
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193 Figure S7 | NMR monitoring of transfucosylation by AIfB forms. Top, NMR signals used to monitor the reaction.
194  Bottom, Time-course for AIfB-WT (left) and AlfB-H80F (right).
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196 4) GH29, a-fucosidase AlIfC

197

198  The feasibility of transposing a successful mutation to a related enzyme was assessed using the fu-
199  cosidase AIfC from Lactobacillus casei. Signals from a-L-Fucp-(1—6)-D-GIcNAc were insuffi-
200  ciently resolved from those of a-L-FucpOCNP, L-Fuc and D-GIcNAc in the H-2 and anomeric region
201  to allow accurate monitoring of yield (Fig. S7). Thus, compound formation and disappearance were
202  monitored using the methyl group of L-Fuc (Fig. S8). It is important to note that although progress
203 curves established using the anomeric region were less precise, they were nevertheless consistent
204  with those obtained when monitoring the methyl group (< 2% deviation for maximum yield assess-
205  ment).
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Figure S8 | NMR monitoring of transfucosylation by AIfC forms. NMR signals in the anomeric and H-2 regions.
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Figure S9 | NMR monitoring of transfucosylation by AIfC forms. Top left, NMR signals used to monitor the
reaction (blue, after 8 min; red, 17 min; green, 53 min). Time-course for AIfC-WT (top right), AIfC-W138H
(bottom left) and AIfC-H87F (bottom right).
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5) GH51, a-L-arabinofuranosidase 7xAbf

Table S4 | Maximum yields of arabinoxylo-tetrasaccharides synthetized by TxAbf forms

Yield (%)

TxAbf form XA3X? ASXX? AZXX (+ XA%X)? Total AXOSP

5.40 ppm® 5.32 ppm® 5.29-5.28 ppm®
WT 2 4 4 9
F26H 8 5 11 22
F26L¢ 6 9 11 26
E28Q 5 8 10 23
R69K 10 13 16 37
R69H! 15 12 23 46
N175T 12 12 22 42
H240F 3 3 76 82
H240N 16 14 59 75
Y242F 4 4 12 19
D297N 12 15 23 47
N216W-H240F¢ - - 62° 62°¢
R69H-N216W- - - 70¢ 70¢
L352M¢¢

3See Fauré et al. for a comprehensive description of AXOS nomenclature'®. ®Maximum yield of each AXOS
was reached at different times explaining why total AXOS yield cannot be obtained by summing the individual
maximum Yyields of all products. “NMR chemical shift of the anomeric proton of o-L-Araf unit of AXOS re-
ported in the literature at approximatively 25°C!!. Displacement of 'H chemical shifts for the a-L-Araf ano-
meric signal of each AXOS towards blinded region (A8 = -0.08 ppm) is observed at 45°C. ¢ Single mutants
F26L'2 and R69H!"! were randomly generated and the triple mutant R69H-N216W-L352M'! was obtained by
recombination. °N216W procures highly regioselective synthesis of the A>XX tetrasaccharide!!.
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Figure S10 | NMR monitoring of transarabinofuranosylation by TxAbf variants. "H NMR anomeric sig-
nals of a-L-Araf-containing regioisomer(s) for H240F and regioselective N216W-H240F.
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226

Table S5 | Specific activity (SA, in [U-mg ™) of TxAbf forms determined by pNP release.

Enzyme SAy? SA7® R = SA1/SAn
WT 261.79 £10.72 125.49 +1.27 0.5
F26H 0.02 £ 0.001 0.02 +£0.001 1.0
F26L° 105.76 £2.72 83.26 +2.44 0.8
E28Q 52.95+£2.09 32.95+0.44 0.6
R69K 14.12 £ 0.08 9.78 £0.36 0.7
R69H*® 2.84+0.07 7.41 £0.23 2.6
N175T 0.15+0.003 0.14+0.01 1.0
H240F 3.21 £0.09 3.66 £ 0.09 1.2
H240N 0.05 +0.001 0.19+0.01 4.2
Y242F 0.07 £ 0.004 0.07+0.01 1.0
D297N 7.71 +£0.34 12.61 £0.22 1.7
N216W-H240F 5.49+0.10 8.19+0.21 L.5
R69H-N216W- 0.97+£0.11 1.82 £0.07 1.9
L352M°¢

227 3§ Ay was achieved in hydrolysis mode with 5 mM o-L-ArafOpNP only. "SAt was achieved in transglyco-
228 sylation mode with 5 mM o-L-ArafOpNP and in the presence of 10 mM xylotriose. °Single mutants F26L!?
229  and R69H!! were randomly generated and the triple mutant R69H-N216W-L352M!! was obtained through
230 recombination.

231
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Figure S11 | Location of R69, N175, H240 and D297 within 7xAbf-E176Q subsite —1 (PDB ID:
2VRQ). The figure was prepared using PyMol Molecular Graphics System, v0.99 (Schrédinger).

Among the eight positions targeted by the conserved-sequence approach, the four yielding the
best variants are spatially (within approximately 5 A) and/or sequentially close to the catalytic
residues 176 (acid/base, in cyan) and E298 (nucleophile, in deep blue). Accordingly, R69K,
N175T, H240F/N and D297N (in green) are thought to impact the local H-bonding network and
thus the pK, cycling that occurs during catalysis.'* Previously, the study of R69H revealed that
R69 plays a vital role in the modulation of the ionization state and nucleophilic strength of E298.!!
N175 is thought to be involved in transition state stabilization. Therefore, modification of the
interaction N175---OH-2 of a-L-Araf unit (in orange), for example in N175T, might perturb the
correct functioning of the two-step catalytic mechanism.'* Additionally, H240 could be involved
in a putative water channel affecting water dynamics.'>!” Overall, the different mechanistic con-
sequences of mutations at these four positions all translate into reduced water-mediated deglyco-
sylation and/or increased lifetime of the covalent glycosyl-enzyme intermediate, which in turn
favours sugar-mediated deglycosylation, hence transglycosylation. Therefore, all five single-mu-
tants achieve the sought after result, namely tipping the T/H balance in favour of transglycosyla-
tion.
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