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ABSTRACT

The GH-51 a-L-arabinofuranosidase from Thermobacillus xylanilyticus (TxAbf) possesses
versatile catalytic properties, displavine nat only the ability to hydrolyze glycosidic linkages
but also to synthesize furanobiosid ~Araf and B-D-Galf series. Herein, mutants are
investigated to evaluate their abil arform self-condensation, assessing both yield
improvements and changes in regioseiecuvity. Overall yields of oligo-a-L-arabino- and oligo-
B-D-galactofuranosides were increased up to 4.8-fold compared to the wild-type enzyme. In
depth characterization revealed that the mutants exhibit increased transfer rates and thus a
hydrolysis/self-condensation ratio in favor of synthesis. The consequence of the substitution
N216W is the creation of an additional binding subsite that provides the basis for an alternative
acceptor substrate binding mode. As a result, mutants bearing N216W synthesize not only (1,2)-
linked furanobiosides, but also (1,3)- and even (1,5)-linked furanobiosides. Since the self-
cC sation 1s under kinetic control, the yield of homo-disaccharides was maximized using
hi bstrate concentrations. In this way, the mutant R69H-N216W produced oligo-p-D-
galactofuranosides in >70% vyield. Overall, this study further demonstrates the potential
usefulness of 7xAbf mutants for glycosynthesis and shows how these might be used to

synthesize biologically-relevant glycoconjugates.

Keywords: biocatalysis, self-condensation, retaining glycoside hydrolase, furanobiosides, D-

galactofuranosides, regioselectivity, acceptor binding subsites
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Abbreviations: L-Araf, o-L-arabinofuranosyl unit; a-L-ArafOpNP, 4-nitrophenyl o-L-
arabinofuranoside; D-Galf, B-D-galactofuranosyl unit; B-D-GalfOpNP, 4-nitrophenyl B-D-
galactofuranoside; rGH, retaining glycoside hydrolase; pNP, 4-nitrophenol; SA, specific
activity; TxAbf, a-L-arabinofuranosidase from Thermobacillus xylanilyticus; T/H,

transglycosylation/hydrolysis ratio.
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1. Introduction

Furanoses are carbohydrates displaying a five-membered ring structure and are ubiquitous in
Nature. An emblematic furanose 1s (2-deoxy-)D-ribofuranose, which forms an integral part of
nucleic acids. Other furanoses are also widespread, with both L-arabinofuranose (L-Araf) and
its 5S-hydroxymethyl analog D-galactofuranose (D-Galf) frequently found in naturally occurring
oligo- and polysaccharides, but absent in mammalian glyco-motifs [1-4]. L-Araf moieties are
mostly associated with cell wall, itercellular-matrix and extracellular structures (e.g.
arabinoxylans [5,6], arabinogalactans [7] and arabinans [8,9]) in higher plant polysaccharides
[6,8,9], while D-Galfis widespread in glycoconjugates produced by pathogenic microorganisms
[1,3,10]. Notably, the galactan portion of mycobacterial arabinogalactan is formed by a linear
chain of alternating B-(1,5)- and B-(1,6)-linked D-Galf residues [11]. Other glycomotifs, such
as B-D-Galf-(1,2)-B-D-Galf are found in the mucins of the protozoan Trypanosoma cruzi [12]
and B-(1,3)-linked D-Galf moieties are present in oligosaccharidic structures of fungi [13—15]

and bacteria [16].

Unsurprisingly, the widespread nature of L-Araf and D-Galf makes these two furanose forms
interesting targets for synthetic chemictrv Tn the case of L-Araf~containing compounds, these
are of considerable interest for resea oses, particularly as substrates for plant cell wall
acting enzymes [17]. Similarly, since »rms part of antigenic epitopes in glycoconjugates
of several pathogenic organisms, it constitutes a target for synthesis aimed at the development

of diagnostic tools [18], or chemotherapeutic strategies [1].

In biological systems, furanose-containing carbohydrates are synthesized by arabino- and
galactofuranosyltransferases, enzymes that use nucleotide sugar donors [18-21]. However, for
in vitro synthesis, the use of these enzymes is challenging for a variety of reasons, despite recent
progress in the field [22-25]. Similarly, the use of well-established synthetic chemistry
strategi wght with difficulties, particularly because sugars in furanose configuration
display icss wiermodynamic stability than their pyranose counterparts [26—-28]. An alternative
strategy to access furanose-bearing glycoconjugates is the use of transfuranosylases. Like
glycosyltransferases, transfuranosylases are enzymes that possess the ability to synthesize
furanose-containing compounds, using reactive furanosyl donor. However, unlike
glycosyltransferases, transfuranosylases belong to the glycoside hydrolase (GH) class of

enzymes and do not require the use of costly nucleotide sugars.
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Transglycosylases are so-called retaining glycoside hydrolases (rGHs), meaning that these
enzymes employ a double displacement mechanism to break down and synthesize glycosidic
bonds [29]. In fact, transglycosylases are a specific subtype of rGHs that, while operating the
same catalytic mechanism as hydrolytic rtGHs, display strong propensity for transglycosylation,
a reaction that involves the transfer of glycosyl donors onto glycoside acceptors. Regarding
transfuranosylases, to our knowledge naturally-occurring examples are very rare, with
transfructosylases being the most well-studied examples [30,31]. Nevertheless, hydrolytic a-L-
arabinofuranosidases belonging to the GHS51 family and possessing some ability to catalyze
transarabinofuranosylation and transgalactofuranosylation have been described [2,32-36].
However, while a-L-arabinofuranosidases are relatively widespread and r s in the GH
classification (GH43 and 51 are archetypal arabinofuranosidase fauuues, [37], B-D-
galactofuranosidases are rarer, with just a few examples being known to date [38,39]. In
particular, using a large scale cloning, expression and screening approach, [-D-
galactofuranosidases were recently revealed in GHS5 and 43 families [40], but so far little
biochemical characterization has been performed [41,42], thus it is too early to say whether

these enzymes display significant ability to pc - ‘m transglycosylation reactions.

The GH51 a-L-arabinofuranosidase from 7he cillus xylanilyticus (TxAbf) 1s a hydrolytic
rGH that is active on substrates bearing a-L-Araf~-moieties (e.g. wheat, larchwood and oat spelt
heteroxylans) [43]. Like other rGHs, TxAbf hydrolyses glyosidic bonds using a two-step
displacement mechanism that involves the formation of a transient covalent glycosyl-enzyme
intermediate with the catalytic nucleophile residue [44]. Formation of this catalytic species is
achieved through the glycosylation step. This involves binding of the donor substrate to the
enzyme’s active site and departure of donor leaving group, which is concomitantly protonated
by a catalyti 'hace residue acting as a general acid. In the second so-called deglycosylation,
step, the g 1zyme 1s usually broken down by a water molecule that displays
nucleophilic character under the influence of a catalytic acid/base residue acting as a general
base [29,32]. However, deglycosylation can also occur when other suitable incoming species
adopt nucleophilic character. When deglycosylation is mediated by an incoming glycoside
moiety, a new glycosidic bond is formed and the reaction 1s described as transglycosylation.
Moreover, in the special case where the incoming acceptor species is the same as the donor

species, the reaction is described as self-condensation.

Regarding TxAbf, extensive studies have revealed that this enzyme is able to perform self-

condensation using L-Araf, D-Xylp and D-Galf as substrates, the latter reaching particularly
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elevated yields [33,34]. Furthermore, 7xAbf has been the subject of protein engineering work
aimed at improving its ability to perform transglycosylation [45—47]. However, so far no
particular focus has been put on improving the self-condensation reactions performed by 7xAbf
[33,34]. Previous work on self-condensation demonstrated that it was possible to synthesize a-
L-arabino- and [-D-galacto-oligo-furanosides, but reported yields were modest and the
regioselectivity of the reaction was mainly oriented towards the formation of (1,2)-linked
regioisomers. While this regioselectivity might be useful for the synthesis of certain
biologically-relevant a-L-arabino- and B-D-galactofurano-oligosaccharides, it is certainly not

representative of the majority of medically-important glycoconjugates.

Herein, we focus on previously generated 7xAbf mutants [47,48], using these to evaluate their
ability to perform self-condensation. In the course of this study we have carefully characterized
regioselectivity in order to reveal the potentiality of the different 7xAbf mutants for use as
synthetic tools to access a variety of a-L-arabinofurano- and B-D-galactofurano-containing

oligosaccharides (Fig. 1).

u-L-Araf-(1,3)-a-L-ArafOpNP 2 (R = H)
B-D-Galf~(1,3)-B-D-GalfOpNP 5 (R = CH,OH)

OpNP

R OH
iy o. OpNP
o. OpNP HO HO b =t
TXAbF o
OH R o% 4
.0

HO —_— + OpNP  +

o
OH
o]
(o]
(wild-type OHO HO ’<OH ; OH
R OH and mutants) HO HO,
OH
R OH R OH

a-L-ArafOpNP (R = H)

B-D-GalfOpNP (R = CH,0H) a-L-Araf-(1,5)-a-L-ArafOpNP 3
o-L-Araf-(1,2)-a-L-ArafOpNP 1 (R = H)
f-D-Galf-(1,2)-B-D-GalfOpNP 4 (R = CH,OH)

Fig. 1. Structures of the 4-nitrophenyl furanobiosides synthesized through self-condensation
reactions catalyzed by 7xAbf and its mutants. Compounds 1-3 and 4-§ were products of self-
condensation using o-L-ArafOpNP and B-D-GalfOpNP as substrate respectively.
Stereochemistry at C-5 position is depicted for D-Galf series (B-D-GalfOpNP and compounds 4
and §, with R = CH,OH).

2. Materials and methods
2.1. Substrates and chemicals

The substrates 4-nitrophenyl a-L-arabinofuranoside (a-L-ArafOpNP) and 4-nitrophenyl B-D-
galactofuranoside (B-D-GalfOpNP) were obtained from CarboSynth. Molecular biology

reagents were purchased from New England BioLabs.
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2.2. Mutagenesis, protein expression and purification

In vitro site-directed mutagenesis was achieved using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent). The plasmid pET24-7xAbf (original pET vector was from Novagen)
containing the complete 7xAbf coding sequence (GenBank accession no CAA76421.2) was
used as the DNA template for mutagenesis. Mutations were introduced using a series of
oligonucleotide primers [48]. Mutagenesis, expression and purification of 7xAbf and mutants
thereof were performed as previously described [43,47,48]. Protein concentrations were
determined by measuring absorbance at 280 nm using a NanoDrop ND-2000 spectrophotometer.
Theoretical molecular weight and extinction coefficients were calculatec  ing the ExPASy

ProtParam tool (https://web.expasy.org/protparam/).

2.3. Enzymatic assay

Enzyme activities were measured using a discontinuous assay [48]. Reactions were performed
in triplicate at 45 °C, using 5 mM B-D-GalfOpNP as donc, in 50 mM sodium phosphate buffer
at pH 7.0 with 1 mg-mL BSA, in a final reaction volume of 350 pL. Prior to enzyme addition,
reaction mixtures were pre-incubated at 45 °C. Once launched, reactions were conducted for
10-20 min, removing 40 pL. samples at regular intervals. These samples were immediately
mixed with 200 uLL of 1 M Na,COj; and placed on ice. The release of 4-nitrophenol (pNP) was
monitored at 401 nm using a spectrophotometer (Infinite M200 Microplate reader, Tecan) and
quantified using an appropriate standard curve, prepared using pure pNP. Negative controls
containing all of the reactants except the enzyme were used to correct for spontaneous
hydrolysis of the donor substrate. Initial reaction rates were determined from the linear regions
of time-dependent plots, which correspond to less than 15% consumption of the donor substrate.
One unit (IU) of enzyme specific activity (SA) corresponds to the amount of enzyme releasing
one umol of pNP per minute. The kinetic parameters Ky, kcae and k../Ky were determined by
measuring enzyme SA at various substrate concentrations. The B-D-GalfOpNP was varied from
0.2-30 mM. A modified version of Michaelis-Menten equation (Table 2) was applied to fit the
nonlinear regression plot of SA versus [S] (substrate concentration) using SigmaPlot 11.0

software.
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2.4. NMR analysis

To monitor reactions, 'H NMR spectra were collected using a Bruker Avance II spectrometer
equipped with a TCI probe and operating at 500 MHz. Reactions were performed at 45 °C with
a-L-ArafOpNP or B-D-GalfOpNP containing appropriately diluted enzymes in a total volume of
600 uL (containing 10% D,0 in 10 mM sodium phosphate buffer at pH 7.0, v/v; with 1 mg-mL-!
BSA). To initiate reactions, a fixed (10% of total reaction volume) aliquot of enzyme solution
was added, with the enzyme concentration being chosen to reach maximal transglycosylation
yield within a timeframe that was similar for all reactions. In the o-L-ArafOpNP self-
condensation reaction, 0.003 uM wild-type 7xAbf, 0.27 uM R69H-N216W, 0.45 uM R69H-
N216W-L352M and 1.01 uM F26L.-R69H-N216W were used while, in the B-D-GalfOpNP self-
condensation reaction, 0.27 uM wild-type 7xAbf, 4.00 uM R69H-N216W and 41.80 uM
R69H-N216W-L352M were used. Time course NMR monitoring was achieved by performing
pseudo-2D kinetics experiments based on a phase sensitive NOESY sequence with pre-
saturation, with spectra being accumulated every 8.7 min (2 x 32 scans). Using previously
determined SAs, it was possible to adjust enzyme quantities to suit a 18-h reaction time frame,
although the actual duration of the reaction was dependent on the enzyme used. The pH in 10%
D,0 was measured using a glass pH electrode, applying the modified equation pHjgy, p.o =
PHelectrode T 0.04 [49]. The chemical shift reference was based on the HOD signal calibrated at
4.55 ppm at 45 °C [50].

Donor (i.e. pNP-glycofuranoside) consumption and the apparition of self-condensation
furanobiosides 1-5 were quantified by integrating the anomeric proton signals from the pNP-
linked furanosyl moiety (H-1a). For self-condensation products, the blinded anomeric protons
associated with the non-reducing end of the furanosyl unit (H-1b) were not taken into account,
because they overlap with the anomeric protons of the monosaccharide hydrolysis product. The
selected anomeric protons and their chemical shifts are shown in Table 1. Donor substrate was
q ied by integrating its relevant anomeric proton signals (Fig. 1 and Supplementary Figs.
S ’). The molarity of all compounds was normalized relative to the initial proton integral
of the donor compound. Yields of self-condensation products were maximal yields expressed
as a percentage of initial donor concentration. The mean value of the ortho and meta protons of
the linked pNP were regarded as the sum of the donor and self-condensation products. Thereby,
the overall yield of self-condensation products was calculated by subtracting the value of the

integral of the anomeric donor signal from half the value of the average integral of ortho and
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meta aromatic protons of the linked pNP signals (Supplementary Fig. S3). In doing so, we were

able to account even for minor products, which taken alone were barely detectable.

Table 1
Chemical shift of the substrates and self-condensation products 1-5 (Fig. 1) used for quantifying

the evolution of enzymatic reaction.?

o (ppm)
Compound - \
H-1a Aromatic H,, and H, of pNP moiety
a-L-ArafOpNP 5.78
1 a-L-(1,2) 5.89
8.20-8.18 and 7.18-7.16
2 0-L-(1,3) 5.81
3 a-L-(1,5) 5.79
B-D-GalfOpNP 5.74
4 B-D-(1,2) 5.82 8.20-8.18 and 7.18-7.16
5 B-D-(1,3) 5.78

2 The chemical shifts were analyzed at 45 °C and pH 7 in buffered 10% D,0O. Chemical shifts

of self-condensation furanobiosides 1-5 were referred to previous work [2,33,34,48].

2.4. Modelling TxAbf and R69H-N216W-L352M in complex with self-condensation products

Crystallographic data of the inactive 7xAbf E176Q (PDB: 2VRQ) and the mutant R69H-
N216W-L352M (PDB: 6ZT8) [48], were used to construct a complete 3D model of the mutant
R69H-N216W-L352M. Next, a-L-Araf disaccharides (without pNP) were built using Glycam
Force Field and tleap program from AMBERI16 software suite [S1]. For each a-L-Araf
disaccharide, a short minimization in implicit solvent (Generalized Born) with 250 steps of
steepest descent and 250 steps of conjugated gradient was performed, using a cut-off of 99 A.
pNP aglycon was added at the reducing end and geometrically optimized using Avogadro
software [52]. B-D-Galf disaccharide structures were derived from the corresponding o-L-Araf
disaccharides by adding hydroxymethyl on each a-L-Araf unit using Avogadro software. The
complexes formed by the enzyme and the self-condensation products (1-5) were initially
assembled in PyMol [53] by pair fitting onto bound a-L-Araf (occupying subsite -1) in X-ray
structure of the inactive 7xAbf E176Q (PDB: 2VRQ). Complexes were further subjected to
energy minimization macro supplied in the YASARA package (version 12.8.1) [54], using
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AMBER and GAFF Force Fields for the protein and the ligand, respectively. The figure was
then prepared using PyMol Molecular Graphics System, v0.99 (Schrodinger).

3. Results
3.1. Kinetic analysis of TxAbf mutants

Measurement of steady state kinetic parameters of a-L-ArafOpNP conversion (monitoring pNP
release) catalyzed by TxAbf and its mutants revealed that all mutations severely affected
catalytic efficiency (Table 2). This was also the case for 7xAbf acting on B-D-GalfOpNP. The
values were reduced by more than two and three orders of magnitude in reactions containing o-
L-ArafOpNP and B-D-GalfOpNP respectively. Comparing the k./Ky values of reactions
catalyzed by the wild-type enzyme acting on either of the two substrates (a-L-ArafOpNP and
B-D-GalfOpNP) revealed a more than 6 000-fold difference. Regarding the reaction involving
a-L-ArafOpNP and R69H-N216W-L352M the Ky, value was relatively similar to that of the
reaction catalyzed by the wild-type enzyme, whereas tl.; same reaction catalyzed by F26L-
R69H-N216W is characterized by significant decreases in both k., and Ky. Assuming that
deglycosylation is rate-limiting, the lowered k., value leads us to postulate that R6O9H-N216W-
L352M is mostly impaired with respect to deglycosylation, whereas the impact of F26L.-R69H-
N216W appears to be more complex, affecting both steps [47]. Regarding the reaction
involving R69H-N216W and B-D-GalfOpNP, a two-phase reaction profile was observed that
did not reach saturation (Fig. 2) [47,48]. Remarkably, unlike wild-type 7xAbf, the mutant
R69H-N216W yielded a measurable Ky value (0.45 mM) for the reaction containing B-D-
GalfOpNP, which is in the same order of magnitude to that of wild-type 7xAbf acting on a-L-
ArafOpNP (0.25 mM). Nevertheless, because the k¢, value of the reaction is also extremely
low, the overall catalytic efficiency of R69H-N216W acting on B-D-GalfOpNP is unchanged

compared to the reaction involving wild-type TxAbf.
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Table 2
Kinetic parameters of reactions catalyzed by 7xAbf and mutants thereof, using a-L-ArafOpNP
or B-D-GalfOpNP as substrate.

SAw Ky keat keat/ K Ng?
Enzyme
IU'mgh) @mM) () ''mM1) (s-mM1)

o-L-ArafOpNP
TxAbf® 615 0.72 575 795 .
TxAbf 145 0.25 139 556 -
R69H-N216W-L352M¢ 0.60 0.48 0.58 1.21 0.034
F26L.-R69H-N216W* 0.16 0.01 0.15 10.81 0.034

B-D-GalfOpNP
TxAbf® 15.6 >504  15.02 0.13 -
R69H-N216W* 0.065 0.45 0.06 0.14 0.008

2 Ns is a nonspecific constant that is included in the modified Michaelis-Menten equation to
account for activation of the enzyme by the self-condensation product: SA,,, = SAw -[S]/(Km
+[S]) + Ng-[S] where SAy, is the theoretical maximum activity achieved if the enzyme operates
according to the Michaelis-Menten model.

b The kinetic parameters were referred to previous work at 60 °C in 50 mM sodium acetate
buffer pH 5.8 [55,56].

¢ The kinetic narameters were referred to previous work at 45 °C in 50 mM sodium phosphate
buffer pH 7. 4R1

d The Ky v estimate, because its measurement was unfeasible due to the limited
solubility of the substrate.

¢ Kinetic assays were carried out in triplicate at 45 °C in 50 mM sodium phosphate buffer pH

7.0. Relative errors were inferior to 10%.

10
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Fig. 2. Specific activity (SA) as a function of B-D-GalfOpNP concentration for ROOH-N216W.

3.2. Self-condensation profile using a-L-ArafOpNP as donor

When using TxAbf, the yield of the major self-condensation product 1, a-L-Araf~(1,2)-0-L-
ArafOpNP (Fig. 1 and Table 3), 1s consistent with that previously reported [34]. This compound
was accompanied by trace amounts of compounds 2 and 3, corresponding to (1,3) and (1,5)
linkages respectively. Compared to TxAbf, the three R69H-N216W-containing mutants
exhibited enhanced ability to p elf-condensation, with overall yields being 3.5- to 3.8-
fold higher. Moreover, increaowu y.2ld was coupled to significant changes in enzyme
regioselectivity, with the proportion (% of total yield) of (1,3)-linked product 2 increasing from
30% (TxAbf) to >70% in reactions catalyzed by the mutants, and even reaching 82% in the case
of R6OH-N216W. Overall, the three mutants were similar in terms of both regioselectivity and
yields.

Using real time NMR spectroscopy (Supplementary Fig. S1), it was possible to monitor the
evolution of each self-condensation product, and thus observe secondary hydrolysis during the
latter stages of the reaction. For wild-type 7xAbf (Fig. 3A and Supplementary Fig. S4A), the
maximum yield (7%) of the major product 1 was reached at 68% conversion of a-L-ArafOpNP,
meaning that hydrolysis was the predominant reaction. Concerning the R69H-N216W-
containing mutants, maximal yields were achieved at later stages in the reaction, when the
conversion of a-L-ArafOpNP was higher, i.e. 88, 90 and 92% for F26L-R69H-N216W, R69H-
N216W and R69H-N216W-L352M respectively (Fig. 3B-D and and Supplementary Fig. S4B-
D). This means that compared to wild-type TxAbf, secondary hydrolysis was delayed in

11
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reactions catalyzed by the mutants. When comparing the decomposition rate of major
compound 2, it is clear that R6OH-N216W performs secondary hydrolysis (vyy) at a higher rate
than R69H-N216W-L352M and F26L.-R69H-N216W (Supplementary Table S1). Additionaly,
the overall self-condensation yield of this double mutant is slightly lower than that of the other
two mutants. However, as a synthetic tool, R69H-N216W can be considerd the best all-round
performer. This conclusion is based on its combined performance: yield of the major product
2, synthesis rate vs and SA (Table 3 and Supplementary Table S1). Finally, R69H-N216W-
L352M displayed the highest self-condensation/secondary hydrolysis (vs/vyy) ratio with a value
of 3.0 (Supplementary Table S1).

Table 3

Maximal self-condensation yields (in %) using a-L-ArafOpNP as donor.

Enzyme SA (IU-mg1)? a-L-l( 12) (x-L-z( 1.3) a-L-3(b1, 5) Overall yield®
TxAbf 261.79 +£10.72 7 3 2 10
R69H-N216W 1.60 +0.02 6 37 8(3) 45
R69H-N216W-L352M 097 +0.11 10 34 6(3) 47
F26L-R69H-N216W  0.32+0.01 6 38 8(4) 48

a Specific activities (SA) referred to previous work at 45 °C in 50 mM sodium phosphate buffer
pH 7.0 containing 5 mM a-L-ArafOpNP and were measured by monitoring pNP release using
a discontinuous assay.

b Since maximal yield of product 3 was reached later than those of products 1 and 2, the yield
of 3 when 1 and 2 are maximum 1s shown in brackets.

¢ Maximal yields of each disaccharide are reached after different incubation times. This explains

why overall yields are not equal to the sum of the maximum yield of each disaccharide.

In absolute terms, the yield of a-L-Araf~(1,5)-a-L-ArafOpNP 3 was also slightly (3- or 4-fold)
increased in reactions catalyzed by the mutants. However, in relative terms the proportion of
compound 3 was slightly reduced from 20% of total yield (7xAbf) to as little as 6% (R69H-
N216W-L352M) when maximal total transglycosylation yield was reached. Significantly,
although the yield of compound 3 1s low for the mutants, it continues to be produced, even when

a-L-ArafOpNP is consumed (Fig. 3B-D). This observation suggests that at later stages in the
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reaction, compound 3 is formed via hydrolysis of compounds 1 and 2 and the rate of hydrolysis

of compound 3 is inferior to that of its synthesis.
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Fig. 3. Monitoring of a-L-ArafOpNP consumption and the apparition of the different self-
condensation products 1-3 as a function of time in reactions catalyzed by (A) 7xAbf, (B) R69H-
N216W, (C) R69H-N216W-L352M, and (D) F26L-R69H-N216W.

3.3. Self-condensation profile using [-D-GalftOpNP as donor

Despite being a poor substrate for 7xAbf-mediated hydrolysis, B-D-GalfOpNP readily
participated in the self-condensation reaction (Fig. 1), procuring a 24% overall yield of
oligosaccharide products (Table 4). The major product 4, B-D-Galf~(1,2)-B-D-GalfOpNP (18%
yield), represents 75% of the regioisomeric mixture, revealing the good regioselectivity of wild-
type TxAbf in this reaction. This observation is highly consistent with previous work performed
both on 7xAbf [33] and other GH51 Abf [2] and further confirms the natural propensity of the
wild-type enzyme to hydrolyze and synthesize (1,2)-linkages. Characterization of mutants
containing single substitutions (R69H and N216W) revealed that these display
regioselectivities and yields similar to those of 7xAbf (Table 4, Fig. 4A and Supplementary Fig.
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S5). However, combination of these point mutations (i.e. R6OH-N216W and R69H-N216W-
L352M) yielded enzymes that double the total product yield and procure regioisomeric mixtures
containing a (1,3)-linked disaccharide § at a yield of 18 (R69H-N216W-L352M) and 22%
(R69H-N216W) respectively. In this respect, the yield of product 4 was relatively unaltered,
meaning that the gains in overall yield can be completely attributed to the vast improvement in

the enzyme’s ability to form regioisomer 5 (Table 4 and Supplementary Fig. S2).

Table 4
Maximal self-condensation yields (in %) using B-D-GalfOpNP as donor.

4 5
Enzyme SA (IU-mg')? B0-(12) BD-(13) Overall yield®
TxAbf 1.23+0.09 18 2 24
R69H 0.05 +0.0003 18 3 24
N216W 1.33+£0.035 21 3 24
R69H-N216W 0.09+0.001 15 22 47
R69H-N216W-L352M 0.025 £0.001 16 18 45

2 SA was measured by monitoring pNP release using a discontinuous assay. Assays were carried
out at 45 °C in 50 mM sodium phosphate buffer pH 7.0 using 5 mM B-D-GalfOpNP.

> Overall yield is higher than the sum of compound 4 and 5 due to the presence of small amounts
of B-D-(1,5) and B-D-(1,6)-linked disaccharides and traces of pNP oligo-p-D-galactofuranosides

displaying degrees of polymerization >2.

In reactions catalyzed by wild-type TxAbf, the maximum yield of galactofuranobiosides 4 and
5 was reached when 70% of the substrate had been consumed. However, in the case of the
mutants, this point was shifted to 92 (R69H-N216W-L352M) and 96% (R69H-N216W)
respectively. Despite this difference between reactions catalyzed by wild-type and mutant
enzymes, it 1s noteworthy that in all three cases the self-condensation products displayed
remarkable stability, meaning that secondary hydrolysis was strongly diminished, even at very
low donor substrate concentrations (Fig. 4B-C). This was particularly noticeable for the reaction
involving the mutant R69H-N216W (Fig. 4B and Supplementary Fig. S6), since product

decomposition was barely perceptible. Therefore, accounting for the additional fact that R69H-
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N216W displayed 3.6-fold higher catalytic activity than the triple mutant (Table 4), this enzyme

can be regarded as the best performing enzyme in terms of B-D-GalfOpNP self-condensation.

Although the major products of a-L-ArafOpNP and B-D-GalfOpNP self-condensation were
disaccharides, in reactions catalyzed by 7xAbf enzymes (more for the mutants), trisaccharides
were also observed. However, due to the small quantity produced and the fact that NMR signals
overlapped with those of the disaccharides, these trisaccharides were neither quantified, nor
fully characterized. Nevertheless, their detection further demonstrates the aptitude of the mutant

enzymes to synthesize L-Araf and D-Galf-oligosaccharides.
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Fig. 4. Monitoring of B-D-GalfOpNP consumption and the apparition of the different self-
condensation products 4-5 as a function of time in reactions catalyzed by (A) TxAbf, (B) R69H-
N216W, and (C) R6O9H-N216W-L.352M.

3.4. Probing the relationship between substrate concentration and global synthesis yield

In view of the catalytic superiority of R6OOH-N216W for the self-condensation of B-D-GalfOpNP,
this enzyme was employed to explore how substrate concentration influences the global yield
of products (Fig. 5). Increasing substrate concentration clearly elevated both total self-
condensation yield and the rate of donor conversion into self-condensation products (Fig. S6).
Moreover, increasing B-D-GalfOpNP concentration delayed the (tipping) point at which
secondary hydrolysis became dominant, outweighing self-condensation. Consequently, the
linear phase of self-condensation of the R69H-N216W-catalyzed reactions was extended at
higher substrate concentration, meaning that the reaction is mainly under kinetic control. An
overall yield of 72% was achieved when using 30 mM of B-D-GalfOpNP. Considering substrate

solubility, this is close to the maximum achievable yield in an aqueous reaction system.

80 -

60 -

40

Overall yield (%)

20 1

0 5 10 15 20 25 30 35
[B-D-GalfOpNP] (mM)

Fig. 5. Relationship between B-D-GalfOpNP substrate concentration and overall self-
condensation yield in the R69H-N216W-catalyzed reaction.
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3.5. Getting molecular insight on the regioselectivity of the mutant enzymes

To investigate the regioselectivity of the mutant enzymes, 3D models of 7xAbf and R69H-
N216W-L352M complexed to self-condensation products 1-5 were built (Fig. 6). Strikingly,
analysis of the models reveals that mutation of Asn216 by a tryptophan residue (N216W)
engenders cleft topology better-adapted for binding to the more linear (1,3)-linked
furanobiosides. The presence of tryptophan provides a putative stacking interaction with pNP
group. This observation 1s fully consistent with the experimental results associated with both
the double and triple mutants. Moreover, 3D models suggest that the nature of the furanosyl
moieties (L-Araf’ vs D-Galf) does not significantly alter product positioning and binding
interactions in the active site, consistent with the fact that the impact of N216W on
regioselectivity is equivalent when either a-L-ArafOpNP or B-D-GalfOpNP are used as
substrates. Comparing binding of the (1,2)- and (1,3)-linked compounds, occupation of subsite
-1 is globally very similar, probably because the spatial confinement of this pocket-like subsite,
combined with a significant number of specific enzyme-substrate interactions therein does not
provide room for alternative binding modes [57]. However, some differences are observed in
subsite +1 depending on the nature of the furanosyl moiety occupying the site and on how the
pNP moiety is accommodated (Fig. 6). In the case of (1,2)-linked compounds, 3D models
suggest that both the wild-type and mutant enzymes accommodate the pNP moiety in subsite
+2 [57], which contains residue Trp302, likely establishing a n-x stacking interaction (distances
<3.8 A) with the pNP moiety (Fig. 6A, C, E and G). Regarding (1,3)-linked products, the model
reveals that the pNP moiety lies in a different spatial position and thus occupies an alternative
subsite, designated here as +2°’. In the wild-type enzyme, subsite +2’” contains Asn216 (Fig.
6B and F), where his residue is substituted by a tryptophan in the mutant enzymes. This
forms a novel hyc.vpuobic platform, favorable for a n-m interaction (distances < 4.1 A) with
the pNP moiety (Fig. 6D and H). Consequently, this modification putatively creates a new
binding mode for (1,3)-linked furanobiosides that is absent in wild-type TxAbf. It is noteworthy
that the emergence of an alternative subsite +2°” in the mutant enzymes does not alter subsite
+2, which explains why the mutants do not lose their ability to form (1,2)-linked self-
condensation products. Indeed, the initial interactions of pNP from compound 1 and 4 with Trp
248, Trp302 and putatively Lys251 are retained for R6OH-N216W-L352M (Supplementary Fig.
S7).
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Fig. 6. Wild-type TxAbf (grey) and R69H-N216W-L352M (cyan) bound to products 1 or 4
(yellow) and 2 or § (green): (A) TxAbf bound to its major product 1, a-L-Araf~(1,2)-0-L-
ArafOpNP; (B) TxAbf bound to its minor product 2; (C) R69H-N216W-L352M bound to its
minor product 1; (D) R69H-N216W-L352M bound to its major product 2, a-L-Araf~(1,3)-a-L-
ArafOpNP; (E) TxAbf bound to its major product 4, B-D-Galf~(1,2)-p-D-GalfOpNP; (F) TxAbf
bound to its minor product 5; (G) R69H-N216W-L.352M bound to its minor product 4; and (H)
R69H-N216W-L352M bound to its major product S, B-D-Galf~(1,3)-p-D-GalfOpNP. The
protein is shown in cartoon, whereas the key labelled residues and the ligands are shown in

stick representation. Mutations and subsites are labelled (brown and red characters respectively).

Finally, experimental data revealed that, in the presence of a-1 * -afOpNP, mutant enzymes

displayed greater ability to produce (1,5)-linked products. 31 mq g of a-L-Araf~(1,5)-0-L-
ArafOpNP 3 shows that this disaccharide adopts a confo that is similar (albeit more
extended) to that of a-L-Araf~(1,3)-a-L-ArafOpNP 2. Ac /, 1t 1s plausible that these

compounds occupy the same subsites and that the production of compound 3 is increased by
the mutation N216W and the unveiling of subsite +2°” (Fig. 7). However, considering the
experimental and in silico data, it is likely that the linkage of pNP and its orientational
constraints in compound 3 leads to less favorable interactions in subsite +2’, in particular with

respect to residue Trp216 compared to compound 2 (parallel - stacking in Fig. 6D and H).

Fig. 7. Enzymes bound to the (1,5)-linked product 3: (A) wild-type TxAbf and (B) R69H-
N216W-L352M. The protein is shown in cartoon, whereas the key labelled residues and the
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characters respectively).

4. Discussion

The a-L-arabinofuranosidase, 7xAbf is probably the best studied member of GH51, especially
regarding its ability to perform glycosynthesis [33,34,45-48,58,59]. So far, we have shown that
this enzyme possesses a wide range of capabilities, including the ability nthesize D-
galactofuranosides and is relatively amenable to enzyme engineering [33]. In t esent study,
we have revisited some of the more fundamental features of 7xAbf, in partic ibility to
catalyze self-condensation reactions using either pento- or hexo-furanosides, focusing on the

way in which mutagenesis of key residues modifies this propertr

4.1. Key factors favoring self-condensation

Both mutations F26L and L352M have been reported to enhance the ability of 7xAbf to perform
transglycosylation [46—48,60]. Moreover, in the case of L352M, we have shown that
modification of 7xAbf properties is due to quite complex long-range effects that affect both the
negative and positive subsites, whereas F26L only affects subsite -1 [48]. Here, we reveal that
neither of these mutations produce major effects on self-condensation when compared to the
more determining effect of the double mutation R69H-N216W. Clearly, these latter mutations
are responsible for th~ -~~* overall improvements in self-condensation reported in this work
and, in the case of N tation, for the acquisition of enhanced aptitude to form (1,3)-
linked furar~**~sides wuuw wL-(1,5)-linked arabinofuranobiosides. It is noteworthy that
mutation R ' e does not enhance the self-condensation ability of B-D-GalfOpNP
compared tC wie v type TxAbf. Compared to a-L-ArafOpNP, the global repositioning of -
D-GalfOpNP within subsites -1 of wild-type TxAbf and the R69H-mutated enzyme 1s caused
by the presence of the extra hydroxymethyl moiety at C-5. However, in R69H disruption is
further compounded by the presence of H69, which impacts the positioning of both catalytic
residues [47,48]. However, regarding self-condensation these two factors clearly do not produce

a positive additive effect.
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4.2. Improving self-condensation of f-D-GalfOpNP

One of the aims of this work was to improve the ability of 7xAbf to synthesize D-galactofurano-
oligosaccharides. In previous work, we have shown that it 1s extremely difficult to determine
the Ky; value for reactions containing B-D-GalfOpNP, catalyzed by the wild-type enzyme
[33,55,56]. Moreover, performing both STD-NMR and ITC failed to reveal any measurable
interactions between TxAbf and B-D-GalfOpNP [55]. Therefore, it was extremely gratifying to
observe that the double mutant R69H-N216W not only improves self-condensation of B-D-
GalfOpNP, but also provides the basis to measure a Ky value that is similar to that measured
for the wild-type enzyme in the presence of a-L-ArafOpNP. Since the constant Ky, (= [k3- (k. +
k) V/[k1-(ky + k3)]) 1s composed of both an affinity component (1/Ky4 = k/k.;) and constants
related to both glycosylation (k;) and deglycosylation (k3) steps, it is difficult to further analyze
this improvement [32,61]. However, considering that B-D-GalfOpNP possesses a good leaving
group, we postulate that improvements in self-condensation of this compound are in part due

to improved substrate binding.

4.3. Insights related to secondary hydrolysis

Data related to the mutants investigated herein supply insight on how secondary hydrolysis of
glycosynthetic products might be modulated. In the case of the synthesis of D-galactofuranosyl
disaccharides, secondary hydrolysis is clearly reduced or even imperceptible. One reason for
this might be suboptimal positioning of the scissile inter-glycosidic bond with respect to the
catalytic residues. In this regard, comparison of the 3D models of 7xAbf enzymes bound to
compounds 1, 2, 4 and 5 reveals that the oxygen atom of the scissile bond of the self-
condensation products are similarly distant (1.7-2.0 A) from protonated Glul76 (acid/base).
Likewise, the anomeric carbon is similarly located at 3.0-3.4 A from Glu298 (nucleophile)
(Supplementary Fig. S8). Therefore, in the absence of visible differences between the self-
condensation product/enzyme pairs, it is plausible that the scissile inter-glycosidic bond in the
D-galactofuranosyl disaccharides is dynamically mis-orientated (i.e. during conformational
preactivativation [62,63]) for hydrolysis. This might be the result of the additional
hydroxymethyl group at the C-5 position on the furanose ring bound in subsite -1 and/or enzyme

mutations.

It is worth recalling that compared to R69H-N216W, the introduction of LL.352M or F26L
reveals decreased secondary hydrolysis (vyy) of product 2 (Supplementary Table S1). Similarly,

21



505
506
507
508

509

510

511
512
513
514
515
516
517
518
519
520
521
522
523
524

525

526
527
528
529
530
531
532
533
534
535

536

the synthesis rates of 2 are decreased, especially for F26L-containing triple-mutant, although
exactly how this affects both self-condensation and secondary hydrolysis is unclear. However,
modification of the internal volume of the pocket-like subsite -1 and/or the interactions with

the donor substrate might modulate the behavior of the triple-mutants.

4.4. Introduction of a tryptophan at position 216 forms a new binding subsite

A key finding in this study is the emergence of new regioselectivity, yielding (1,3)-linked
pentofurano- and hexofurano-disaccharides. The introduction of tryptophan at position 216
contributes to this, although as a standalone mutation N216W is insufficient to procure altered
regioselectivity. Nevertheless, regarding N216W, introduction of a tryptophan provides the
basis for a new m-m interaction between the planar indolyl ring and the pNP aglycon moiety. It
is relevant that the introduction of tryptophan into other GHs has also produced changes in
regioselectivity, either by forcing the repositioning of the glycoside acceptor [64], or by creating
a favorable interaction with the acceptor or its linked aromatic moiety [65,66]. It is also
noteworthy that in 7xAbf, unveiling of the new subsite +2°” does not interfere with the original
subsite +2. This infers that it could be possible through further enzyme engineering to block the
subsite +2 and thus obtain an enzyme that procures mainly (1,3)-linked pentofurano- and
hexofurano-disaccharides, pert - = with small traces of (1,5)-linked compounds; or inversely

for the synthesis of (1,2)-linkec rosides.

5. Conclusion

This study c~—**utes to our understanding of how TxAbf catalyzes self-condensation of pento-
and hexofur " and provides new mutants that can be added to the growing toolbox of
biocatalysts ouiwoi for glycosynthesis. Self-condensation reactions remain under kinetic
control, meaning that high yields can be obtained using higher substrate concentrations, and
that regioselectivity can be quite efficiently modulated. Bearing this in mind, it should be
possible in the very near future to define reactions catalyzed by mutated enzymes that will
procure high yields of relatively pure (1,3)-linked regioisomers. Likewise, with the knowledge
of how to enhance the formation of (1,3)-linked regioisomers, it should also be possible to
repress their formation, while identifying ways to enhance the regioselective formation of (1,2)

linkages.
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