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Tailored enzymes for programmed chemo-enzymatic synthesis of antigenic oligosaccharides

Combined with chemical synthesis, the use of biocatalysts holds great potential to open the
way to molecular diversity. Nonetheless, the lack of appropriate enzymatic tools with requisite
properties has hampered extensive exploration of chemo-enzymatic routes to complex
carbohydrates. The research work presented in this thesis aimed at exploring
multidisciplinary and synergistic strategies to develop “programmed” chemo-enzymatic
pathways that take advantage of innate substrate promiscuity and computer-aided engineering
of a-transglucosylases to produce glycobricks, easy-to-assemble into biologically active
molecules mimicking the antigenic polysaccharide moiety — O-antigen (O-Ag) — of the Shigella
flexneri lipopolysaccharides. These latter have been identified as major targets of protection
against reinfection and could be used in the composition of vaccines to prevent shigellosis, an
endemic form of bacillary dysentery. Many S. flexneri serotypes presented a tremendous O-
Ag structural diversity, varying mainly in the regio-selectivity of the 1,2-cis a-D-glucosylation.
We focused herein on the common structure of the ABCD tetrasaccharide defining the
backbone repeating unit of most S. flexneri O-Ags. A lightly protected ABC'D’ was first
chemically synthesized by our collaborators from the Pasteur Institute. Next, we evaluated the
potential of branching sucrases (BRS) from the Glycoside Hydrolase family 70 to glucosylate
ABC’D’. They present the advantage of displaying a large promiscuity toward acceptor
substrates.

A first achievement was reached using 6 native BRS enzymes whose ability to recognize and
glucosylate ABC’'D’ was shown, leading to the production and the structural characterization
of a first glycobrick, ABC’[E(1—6)]D’, representative of S. flexneri serotypes 4a/4b.

Then a collection of 22 pre-existing mutants of AN123-GBD-CD2 was screened. Depending on
the amino acid substitutions introduced in the active site, the glucosylation regio-selectivity was
redirected compared to parental enzyme. Three products were identified, of which a second
glycobrick, [E(1—3)JABC’D’, is representative of prevalent S. flexneri serotype 3a.

To further enhance the accessible diversity, we then decided to purposely redesign the active
site of another branching sucrase, BRS-B A2, using computer-aided engineering methods.
We followed a computational framework combining molecular modelling and automated
computational protein design techniques. A set of 49 sequences containing up to 15 mutations
was then proposed and the 49 mutants were recombinantly produced in E. coli, then assayed
for glucosylation of ABC’D’. Products were characterized using sensitive MS/MS techniques.
Impressively these mutants produced as much as six different mono-glucosylated products out
of the eight possible ones, of which one glycobrick, A[E(1—3)]BC’D’, is representative of S.
flexneri serotype 5a.

Overall, our results demonstrate the versatility of branching sucrases and their mutants to
access a broad range of glucosylation patterns from a common tetrasaccharide acceptor
molecule, ABC'D’. It also opens new paths for improving catalytic performances of these
mutants and better understanding molecular and dynamical determinants that could play a role
in acceptor recognition and its site-selective glucosylation that will hopefully offer new
opportunities for the synthesis of S. flexneri haptens.

Keywords: Transglycosylase, Glucosylation, Enzyme design and engineering, Chemo-
enzymatic synthesis, Antigenic oligosaccharides, Shigella flexneri

Doctoral school: SEVAB (Ecological, Veterinary, Agronomic Sciences and Bioengineering).
Field: Enzymatic and Microbial Engineering

Laboratory: Toulouse Biotechnology Institute (UMR CNRS 5504, UMR INRA 792), INSA
Toulouse
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Conception a fagon denzymes pour la synthése chimio-enzymatique programmée
d’oligosaccharides antigéniques

Combinée a la synthése chimique, I'utilisation de biocatalyseurs offre I'opportunité d’accéder
a une nouvelle diversité moléculaire. Néanmoins, le manque d'outils enzymatiques possédant
les propriétés requises complique l'exploration de voies chimio-enzymatiques pour la
synthése de sucres complexes. Les travaux de recherche présentés dans cette these visent a
explorer des stratégies multidisciplinaires et synergiques afin de développer des voies
chimio-enzymatiques «programmeées» qui tirent parti de la promiscuité de substrat innée et de
I'ingénierie assistée par ordinateur des a-transglucosylases. Le but est ainsi de produire des
glycobriques, facilement assemblables en molécules biologiguement actives et mimant le
fragment polysaccharidique antigénique - O-antigene (O-Ag) - des lipopolysaccharides de
Shigella flexneri. Ces derniers ont été identifiés comme étant des cibles majeures de
protection contre la réinfection et pourraient étre utilisés dans la composition de vaccins de
prévention contre la shigellose, une forme endémique de dysenterie bacillaire. De nombreux
sérotypes de S. flexneri ont révélé une grande diversité structurelle de leurs O-Ags, qui varient
principalement de par la régio-sélectivité de la 1,2-cis a-D-glucosylation. Nous nous sommes
concentrés ici sur la structure commune du tétrasaccharide ABCD, définissant l'unité de
répétition du squelette de la plupart des O-Ags de S. flexneri. Une version protégée (ABC'D’)
a tout d’abord été synthétisée par nos collaborateurs de I'lnstitut Pasteur. Nous avons ensuite
évalué le potentiel des sucrases de branchement (BRS) de la famille 70 des Glycoside
Hydrolases pour la glucosylation de ABC'D’. Ces enzymes présentent une grande
promiscuité vis-a-vis des substrats accepteurs. Un premier résultat majeur a été obtenu grace
a l'utilisation de 6 enzymes natives dont la capacité a reconnaitre et a glucosyler ABC'D' a été
démontrée, conduisant a la production et a la caractérisation structurale d'une premiere
glycobrique, ABC'[E(1—6)]D', caractéristique des sérotypes 4a/ 4b de S. flexneri.

Par la suite une collection de 22 mutants préexistants de AN123-GBD-CD2 a été criblée. En
fonction des substitutions d’acides aminés introduites dans le site actif, nous avons observé la
redirection de la régio-sélectivité de la glucosylation par rapport a 'enzyme parentale. Trois
produits ont été identifiés, dont une seconde glycobrique, [E(1—3)]JABC’D’, représentative
du sérotype prévalent 3a de S. flexneri.

Pour étendre davantage la diversité accessible, nous avons ensuite entrepris de remodeler le
site actif d'une autre BRS a l'aide de méthodes de design d’enzymes assistée par
ordinateur. Nous avons mis en place une stratégie associant la modélisation moléculaire et
des techniques automatisées de conception de protéines. Un ensemble de 49 séquences
contenant jusqu'a 15 mutations a ensuite été proposé et les 49 mutants ont été produits par
voie recombinante dans E. coli, puis testés pour la glucosylation de ABC'D’. Les produits ont
été caractérisés a l'aide de techniques sensibles telle que la MS/MS. De maniére
impressionnante, ces mutants produisent jusqu’a six produits mono-glucosylés différents sur
les huit possibles, dont une glycobrique, A[E(1—3)]BC’D’, représentative du sérotype 5a de
S. flexneri. Au final, nos résultats démontrent la polyvalence des BRS et de leurs mutants pour
accéder a une large gamme de profils de glucosylation a partir d’une molécule accepteur
commune, le tétrasaccharide ABC'D’. Ces travaux ouvrent également de nouvelles voies pour
améliorer les performances catalytiques de ces mutants et pour mieux comprendre les
déterminants moléculaires et dynamiques qui pourraient jouer un réle dans la reconnaissance
des accepteurs et leur glucosylation sélective, ce qui pourra offrir de nouvelles possibilités
pour la synthese des hapténes de S. flexneri.

Mots-clés: Transglycosylase, Glucosylation, Design et ingénierie d'enzymes, Synthése chimio-
enzymatique, Oligosaccharides antigéniques, Shigella flexneri

Ecole doctorale: SEVAB (Sciences Ecologiques, Vétérinaires, Agronomiques et Bioingénieries)
Axe : Ingéniéries microbiennes et enzymatiques
Laboratoire: Toulouse Biotechnology Institute (UMR CNRS 5504, UMR INRA 792), INSA de Toulouse
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General introduction

Since the very first chemical syntheses at industrial scale, synthetic routes have been widely
explored to access molecules of defined structures and able to fit the needs of our growing
society. They can find applications in all fields that support our modern way of living, whether
it is technology, healthcare, food and feed, textile or materials. These molecules can be quite
simple and constitute versatile building blocks or precursors of value-added molecules such
as propylene (CsHs) for polypropylene (PP) (Ipatieff and Pines 1936), or ethylene dichloride
(C2H2Cl,) for polyvinyl chloride (PVC) (Wickson and Grossman 2008). But they can also be
more complex, such as carbohydrates that are of great use in many fields thanks to their
unique properties: pharmaceutics (e.g. glycans used as probe for diagnosis (Hu et al. 2019) or
entering the composition of vaccines (Zimmermann and Lepenies 2015); dextran as blood
plasma substitute (Gronwall and Ingelman 1945)), agroindustry (oligosaccharides acting as
prebiotics (Gibson et al. 2017)), cosmetics (sulfated polysaccharides with antioxidant activity
(Jiao et al. 2011)), materials (cellulose derivative (Klemm et al. 2011)), heavy industries
(biofuels (Kawai and Murata 2016)) etc.

Synthetic chemistry of carbohydrates has benefited from tremendous improvements over the
last decades, especially related with the combined use of Liquid and Gas Chromatography
techniques with Nuclear Magnetic Resonance spectroscopy and Mass Spectrometry that have
speeded up the structural characterization and the isolation of the molecules in pure forms
(Linhardt and Bazin 2001). Usually extracted from natural sources (e.g. cellulose for
papermaking), carbohydrates can also be produced through synthetic technologies, which
remain however challenging. Indeed, carbohydrate assembly requires stereo- and regio-
selective control of donor and acceptor reactivity to achieve specific synthesis, often needing
to use and manipulate protecting groups to mask the reactivity of the numerous hydroxyl
functions. Despite these impediments, carbohydrate synthesis has been used at the industrial
scale, from simple forms to more complex specialty carbohydrates (e.g. kilogram-scale
production of synthetic heparin used as anticoagulant and obtained in 30+ steps (Trouilleux et
al. 2019)).

The 215 century has seen a drift towards a bio-based society. Since 2007, the REACH
(Registration, Evaluation and Authorization of Chemicals) regulation aims at reducing risks and
hazards posed by chemicals on human health and the environment by limiting the use of toxic
solvents and chemicals, hazardous wastes, and reaction conditions (Cihak 2009). It also
promotes alternative methods that may lay in the use of either “greener” chemistry, or enzyme-
based biocatalysis -that can also work in combination with organic synthesis toward more

environmentally friendly processes.

Not only enzymes have the ability to work in aqueous environment and in mild temperature

and pH conditions, some of them also display a high flexibility toward the substrates they can
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utilize (so-called substrate promiscuity) making them versatile tools able to act on a wide range
of relevant precursors, while keeping high regio and stereo-specificities. Thus, the last decades
have withessed the emergence of enzymatic and chemo-enzymatic pathways, leading to the
synthesis of carbohydrate-based molecules. The association of robust chemical synthesis with
versatile enzyme catalysts, has been increasingly used to tackle challenging carbohydrate

syntheses.

This is of particular interest as many carbohydrates have sought-after bioactivities, such as
prebiotic activity or antigenicity, which can be exploited for the development of relevant
industrial products (respectively food additive and glycovaccines etc.). However, the enzymes
do not always have the requisite properties especially when used with exogenous donor or
acceptor substrates. In that context, directed evolution and molecular engineering techniques
have emerged as a promising methodology to improve biocatalysts in terms of catalytic activity
and stability in given reaction conditions (temperature, solvent, pH ...) but also to further extend
the repertoire of modifications applicable to various molecules, including carbohydrates.
Associated with computer-aided enzyme design that can guide the re-shaping of the enzyme
active site toward novel substrates, engineering of enzymes able to assemble saccharidic
blocks via regio and stereo-specific osidic linkages is constantly increasing. Thanks to a better
comprehension of the sequence-structure-dynamics-function relationships, and to a more
accurate modelling of the catalytic binding mode of a substrate in the enzyme active site, it is
now possible to focus mutagenesis to key amino acid residue regions, and thus limit drastically
the size of mutant libraries to be constructed and screened, avoiding then unnecessary efforts
to explore very large libraries of millions or even billions of variants. Outstandingly, de novo
computational enzyme design strategies have led in recent years to the impressive creation of
completely new-to-Nature enzymes with unprecedented catalytic properties, showing the
tremendous potential of these approaches to access greater molecular diversity (Jiang et al.
2008).

Objectives of the thesis

This thesis work is part of the project CarbUniVax funded by the French National Agency (ANR,
2016-2019) that associates the Catalysis and Enzyme Molecular Engineering team of the
Toulouse Biotechnology Institute (TBI, formerly LISBP) at INSA Toulouse and the
Glycochemistry Unit led by Laurence Mulard at the Pasteur Institute, Paris. In the context of
this thesis, we have more particularly explored the a-transglucosylases from the glycoside
hydrolase family 70 (GH70), which are excellent transferases that use very cheap and
abundant sucrose as donor substrate, to develop programmed chemo-enzymatic pathways to
access antigenic oligosaccharides representative of Shigella flexneri serotypes. These
bacteria are responsible for endemic shigellosis in developing countries and kill thousands of
people each year, in particular young children. Previous collaborative projects between TBland
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the Pasteur Institute, respectively named OptiGluc (2005-2008) and GlucoDesign (2009-
2012), both funded by the ANR, revealed the potential of using sucrose-active a-
transglucosylases to regio-selectively glucosylate exogenous lightly chemically protected
mono- and disaccharides (Champion et al. 2009a; Salamone et al. 2015a; Verges et al. 2015),
which were subsequently converted by chemical means into precursors of haptens specific of

prevalent S. flexneri 3a, 1b and 2a serotypes (Champion et al. 2009a; Salamone et al. 2015b).

Taking on a larger challenge, our goal in the current project was to identify enzymes able to
regio-selectively glucosylate a chemically modified tetrasaccharide precursor at relevant
positions, characteristic of glucosylation patterns encountered in the various Shigella flexneri
serotypes. Whenever native GH70 sucrose-active transglucosylases did not present the
needed specificity, a computer-aided design strategy was followed in order to further diversify
and extend the range of oligosaccharides that could be accessed from one single enzyme
template using one single tetrasaccharide acceptor precursor. Ultimately, the goal of the
CarbUniVax project is to use the oligosaccharides produced either via chemical or chemo-
enzymatic processes, to develop a synthetic multi-serotype glycoconjugate vaccine candidate
containing molecules representative of serotypes Sf2a, Sf3a/3b and Sfla/lb, which are
prevalent and represent almost 50% of all Shigella infection in sub-Saharan Africa and South

Asia, and potentially including less common serotypes 4a/4b and 5a.

In this context, the main objectives of my PhD project were thus to screen a-transglucosylases
from the GH70 family, and more particularly so-called branching sucrases, either native or
engineered, for their ability to produce glucosylated tetrasaccharides representative of the
serotype repeating unit mentioned above, and at more fundamental level to unravel the
determinants involved in recognition and glucosylation of the tetrasaccharide precursor at

specific positions.

Chapter | is the introduction section of this thesis and comprises first a published review of the
recent literature on the use of engineered enzymes for the synthesis of bioactive
oligosaccharides. Then, further information is given on the context of the project, Shigella
infection and vaccine strategies, with emphasis on the previous collaborative projects between
TBI and the Pasteur Institute. The last part of the introduction provides an overview on the

enzymes of the GH70 family which were used and engineered in the frame of the project.

The results obtained during this PhD project are reported in chapters II-IV that also constitute
three research articles that should be submitted shortly. The first article is ready to be

submitted for publication and the two last ones are in preparation.

Chapter Il outlines the general concept of the programmed chemo-enzymatic pathway as well
as the design and synthesis of the chemically modified tetrasaccharide acceptor that will be
targeted within the project. More particularly, it describes the screening of 6 native GH70

branching sucrases which were envisioned for the glucosylation of the target tetrasaccharide.
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The main glucosylation product was synthesized, purified and characterized by NMR

spectroscopy as being characteristic of S. flexneri serotype 4a/4b.

Chapter Il describes the screening of a pre-existing collection of 22 mutants of one particular
branching sucrase, ANi»;-GBD-CD2. Mutants revealed distinct product profiles, forming
majorly one out of two mono-glucosylated tetrasaccharides, depending on the mutations
introduced. Two of these mutants were selected for in-depth biochemical characterization. This
revealed that depending on the mutant, glucosylation occurs preferably at either one or the
other extremity of the tetrasaccharide chain, producing pentasaccharides specific of S. flexneri
serotypes 4a/4b and prevalent 3a. These mutants were further investigated by molecular
modelling in order to decipher the molecular determinants that were responsible for

glucosylation at one or the other extremity of the tetrasaccharide.

Chapter IV reports the computer-aided re-design of a branching sucrase named BRS-B A2.
Overall, up to 15 mutations were introduced in the active site of the enzyme, and a set of 49
mutants was proposed for experimental construction. Upon optimization of the recombinant
production of the mutants, they were screened and their product profiles were analyzed in
details. Altogether, 6 mono-glucosylated products out of the 8 possible ones, -revealing thus a
tremendous glucodiversification-, were identified by a combination of NMR spectroscopy and
MS/MS techniques. Out of the 6 mono-glucosylated products, a novel molecule representative
of S. flexneri 5a serotype was identified. Molecular determinants and role of mutations on the
regio-selective glucosylation of the tetrasaccharide were further investigated by molecular

modelling.

Finally, the last chapter draws the main conclusions of this PhD thesis and future prospects.
Overall, we managed to constitute an enzymatic toolbox able to glucosylate the
tetrasaccharide backbone at 6 out of the 8 possible hydroxyl groups, with 3 products
representative of S. flexneri serotypes 4a/4b, 3a and 5a. The best enzymes for glucosylation
at each position were either native or engineered enzymes. In particular specific re-design of
BRS-B A2 led to the largest glucodiversification of the tetrasaccharide. Strong of these results,
we then propose novel perspectives for enzyme-based synthetic processes able to produce
non-natural carbohydrates that could have a vaccine interest. The enzymes developed in this
study constitute good starting points for further optimization, which would greatly benefit from
obtaining crystallographic structures and a larger-scale screening method. To that extent, we
started a work to attempt crystallization of the enzyme BRS-B A2, and the development of an

engineered strain for high-throughput selection of sucrose-active enzymes.
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CHAPTER |

In this chapter, we first surveyed the utilization of engineered glycoenzymes, sometimes in
combination with chemical steps, for the synthesis of natural bioactive oligosaccharides or their
precursors. This led to the publication of a review article entitled “Harnessing glycoenzyme
engineering for synthesis of bioactive oligosaccharides” in the journal Interface Focus in

February 2019, that constitutes Part | of this bibliography section.

The two subsequent parts of this section present respectively the context of the project with
an emphasis on Shigella and vaccine strategies and the family of enzymes used in this study.
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PART I. Harnessing glycoenzyme engineering for synthesis of
bioactive oligosaccharides

This section was published as a review article in Interface Focus (2019) 9: 20180069.
http://doi.org/10.1098/rsfs.2018.0069

Authored by Benkoulouche M., Fauré R., Remaud-Siméon M., Moulis C. and André I.
Abstract

Combined with chemical synthesis, the use of glycoenzyme biocatalysts has shown great
synthetic potential over the last decades thanks to their remarkable versatility in terms of
substrates and regio- and stereoselectivity that allows structurally-controlled synthesis of
carbohydrates and glycoconjugates. Nonetheless, the lack of appropriate enzymatic tools with
requisite properties in the natural diversity has hampered extensive exploration of enzyme-
based synthetic routes to access relevant bioactive oligosaccharides, such as cell-surface
glycans or prebiotics. With the remarkable progress in enzyme engineering, it has become
possible to improve catalytic efficiency and physico-chemical properties of enzymes but also
considerably extend the repertoire of accessible catalytic reactions and tailor novel substrate
specificities. In this review, we intend to give a brief overview of the advantageous use of
engineered glycoenzymes, sometimes in combination with chemical steps, for the synthesis of
natural bioactive oligosaccharides or their precursors. The focus will be set on examples
resulting from the three main classes of glycoenzymes specialized in carbohydrate synthesis:

glycosyltransferases, glycoside-hydrolases and glycoside-phosphorylases.

Introduction

Carbohydrate chemical synthesis: limits & challenges

Carbohydrates are known to play major and complex roles in many biological systems and
recognition processes (Varki 2017). As such, they have emerged as invaluable tools to probe
carbohydrate-protein recognition and uncover novel therapeutic targets. Carbohydrates also
find more and more applications in the food or feed industries as prebiotic compounds able to
stimulate the growth of beneficial bacteria of human and animal microflora (Monsan and Paul
1995; Zhu et al. 2016; Schmid 2018). Development of synthetic routes to access these
carbohydrate structures are thus highly demanded. However, in spite of many great advances
in the field, conventional organic chemical synthesis of carbohydrates, especially
oligosaccharides, remains highly challenging due to their tremendous structural diversity and
complexity in terms of constituting monosaccharides with numerous reactive hydroxyl groups
and glycosidic linkages. Despite the development of novel methods and tremendous
improvements in selectivities and yields (thoroughly reviewed in (Nielsen and Pedersen 2018;

Hsu et al. 2011)), chemical methods still suffer from the challenging protecting group
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manipulations of the precursors necessary to obtain a regioselective glycosylation, the harsh
methods, the use of heavy metal catalysts, and often the requirement of intermediary
purification steps to separate stereoisomers. To circumvent some of these limitations, chemical
synthesis is being more and more frequently combined with (or sometimes replaced by) the
use of highly selective enzymatic catalysts when advantageous for the wanted synthetic
transformation. Both chemical and enzymatic approaches used in combination should enable
to overcome current synthetic bottlenecks and provide convergent chemo-enzymatic synthetic
routes to access more easily carbohydrates. In many cases though, chemical synthesis
remains invaluable for either the synthesis of building blocks that are further used for enzymatic
glycosylation or for the incorporation of rare monosaccharides for which no enzymatic transfer
has been described.

Natural glycoenzyme catalysts for carbohydrate synthesis

Biosynthesis of carbohydrates is usually ensured by a combination of enzymes, mostly
glycosyltransferases (GTs), glycoside-hydrolases (GHs) or transglycosylases (TGs), and more
rarely glycoside-phosphorylases (GPs). These enzymes have been evolved by Nature to
endow them with a wide array of substrate specificities and in some cases, with improved
stability in harsh environments (Brown and Babbitt 2014; Antranikian and Egorova 2003).
Utilization of these enzyme catalysts has provided over the last decades an alternative to
chemical synthesis in order to overcome some difficulties encountered in glycochemistry by
taking advantage of their high stereo- and regioselectivities for non-protected substrates, and
action in mild, agueous conditions. However, utilization of natural enzymes is often hampered
by a difficult recombinant production and the availability of substrates (in particular nucleotide-
activated donors). To avoid these problems, in vivo production of carbohydrates, including the
use of metabolically engineered whole cells, has been considered but has remained limited so
far to the production of few biologically relevant carbohydrate structures (Chen 2018; Geremia
and Samain 2000; Priem et al. 2002).

Contribution of enzyme engineering to the development of novel synthetic tools

In spite of the increasing number of glycoenzyme sequences identified from —omics
technologies and the progress of automated annotation (Uchiyama and Miyazaki 2009;
Cantarel et al. 2009; Yin et al. 2012; Park et al. 2010), the availability of enzymes having the
requisite substrate specificity remains critical to perform highly specific glycosylations. With the
remarkable progress of in vitro enzyme evolution, especially supported by in silico methods
including computer-aided design (André et al. 2014; Khan et al. 2016), it has been possible to
extend the repertoire of accessible reactions and improve catalytic efficiency and

physicochemical properties of enzymes.
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For a long time, engineering strategies to tune up enzyme properties have relied on site-
directed mutagenesis (Hsieh and Vaisvila 2013) guided by various knowledge-based analyses
derived from available sequences or 3D-structures to improve mostly catalytic activity or to
alter substrate specificity. Directed evolution technologies (reviewed in (Packer and Liu 2015)),
mimicking in accelerated the natural evolution of enzymes by combining cycles of mutagenesis
using for example error-prone PCR (epPCR) or gene shuffling with subsequent high-
throughput screening (reviewed in (André et al. 2014)) have also been increasingly used over
the years to enhance enzyme catalytic performances, solubility and stability to temperature or
solvents. Controlled randomization at specific gene locations can also be achieved using
degenerate oligonucleotides (Chusacultanachai and Yuthavong 2004). However, these
methods (summarized in Figure 1) require considerable screening efforts to sort out the
requisite enzyme from very large mutant libraries (several thousand up to millions of mutants).
With the development of more reliable predictive tools, rational and semi-rational strategies
which combine several approaches have been privileged. These methods allow the
construction of a limited number of mutants or small-size libraries of controlled diversity
focused on key regions for the desired property (Jimenez-Rosales and Flores-Merino 2018)
(Figure 1). Successful examples of enzyme engineering are abundant in the literature going
up to the remarkable de novo computational design of biocatalysts able to catalyze new-to-
Nature reactions (Huang et al. 2016). So far, such computational strategies have been poorly
explored with carbohydrate-active enzymes although they offer good new perspectives in
chemo-enzymatic carbohydrate pathways, notably by tailoring enzymes to chemically modified
substrates and allowing programing of most convenient chemical and enzymatic steps
(Champion et al. 2009a; Salamone et al. 2015a). Furthermore, these enzymes acting on non-
natural substrates could open the way to non-natural glycan structures of potential interest in
different fields.

In this review, we aim to provide a concise overview on the advantageous use of engineered
glycoenzymes, sometimes in combination with chemical steps, for the synthesis of natural
bioactive oligosaccharides or corresponding precursors, leaving aside glycoconjugates,
glycopeptides and glycoproteins that have been the subject of many recent studies using
native and engineered glycosytransferases or oligosaccharyltransferases (OSTs) (Oldrini et
al. 2018; Ihssen et al. 2015; Ollis et al. 2014; Hunter et al. 2018). Here, the focus will be set on
examples resulting from the three main families (GTs, GHs and GPs) of carbohydrate-active

enzymes specialized in carbohydrate synthesis (Lombard et al. 2014).
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Figure 1. Random and rational/semi-rational engineering approaches to generate genetic
diversity combined with screening methods enabling access to enzyme biocatalysts with
desired and/or improved properties

Semi-rational and rational approaches make use of sequence, structure, and mechanism knowledge,
often combined with (a) computational methods (Khan et al. 2016) in order to target regions or positions
where to insert mutations into the DNA template. Rational libraries (~10-102variants) can be constructed
using simple techniques such as (b) inverse PCR or QuickChange (Hogrefe et al. 2002) or directly by
gene synthesis. Semi-rational libraries (~102-10% variants) can be constructed using for example NNK
or NDT degenerate codons using subsequently different approaches such as (c) Iterative Saturation
Mutagenesis (ISM) (Reetz and Carballeira 2007), (d) Combinatorial Active-Site Saturation Testing
(CASTIng) (Reetz et al. 2005), and using molecular biology methods such as: (e) OmniChange (Dennig
et al. 2011), or (f) the recently described Darwin Assembly method (Cozens and Pinheiro 2018). The
resulting smaller libraries can then be screened using low or medium throughput screening assays such
as liquid assays in microtiter plates coupled with analytical detection or screening on solid medium for
the isolation of interesting mutants.

Random approaches use either (g),(h),(i) random mutagenesis techniques that can insert errors
randomly into a specific DNA template (Packer and Liu 2015; Mundhada et al. 2011; Aharoni et al. 2005)
or (j) shuffling in order to create hybrid sequences from different DNA templates (Stemmer 1994). The
generated enzyme libraries (~103-10° variants) require then a suitable high-throughput screening
method such as cell surface display or cell-free systems (Becker et al. 2004; Smith et al. 2015) coupled
with Flow Cytometry - Fluorescence Activated Cell/Droplet Sorting (FACS/FADS) to sort out interesting
variants based on specific fluorescent reporters.
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Utilization of engineered Leloir-type glycosyltransferases

Leloir-type glycosyltransferases are the most common enzymes involved in biosynthesis of
carbohydrate synthesis. GTs are responsible for the synthesis of most cell-surface
glycoconjugates in mammalian systems and cell-wall carbohydrates in plants, fungi and
bacteria (Lairson et al. 2008). These enzymes, which are mostly membrane-associated, act
on nucleotide-activated sugars as donor substrates to catalyze glycosylation reactions,
contrarily to non-Leloir GTs that use non-nucleotide sugars donors, such as lipid-sugars.
Although the in vitro utilization of these enzymes for synthetic purpose remains difficult due to
a poor expression and the cost of sugar-nucleotides, they remain of utmost interest thanks to
the range of utilized glycosyl donors and recognized acceptors. The nine most common
glycosyl moieties transferred by Leloir-type GTs are D-galactose (D-Gal), N-acetyl-D-
galactosamine (D-GalNAc), D-glucose (D-Glc), N-acetyl-D-glucosamine (D-GIcNAc), D-
glucuronic acid (D-GIcA), L-fucose (L-Fuc), b-mannose (D-Man), D-xylose (D-Xyl) and N-
acetylneuraminic acid (Neu5Ac, the predominant form of sialic acid) (Lairson et al. 2008). The
tremendous diversity of recognized acceptors (carbohydrates, lipids, polypeptides, DNA,
antibiotics, ...) is tightly related with the sequence variability and the structural topology of the
acceptor binding site, which is itself strongly dependent on the overall fold of the enzyme
(Chang et al. 2011). Of great interest for synthetic purpose, GTs catalyze glycosyl transfer
reactions with remarkable efficiency, regio-, stereo-, and chemospecificities enabling the
formation of requisite glycosidic bonds. The Leloir-type GTs can proceed through either
retention (double-displacement Sy1- or dissociative Si-like mechanisms) or inversion (Sn2
mechanism) of the anomeric carbon configuration (Figure 2) (Lairson et al. 2008). GTs isolated
from natural organisms have been extensively explored in the synthesis of carbohydrates
(Schmaltz et al. 2011; Wen et al. 2018). In addition, many instances of engineering of Leloir-
type GTs, resulting either from rational mutagenesis or directed evolution strategies, have
been reported in recent years to synthesize efficiently various complex carbohydrates,
glycoconjugates, glycolipids, glycoproteins and antibiotics, and further extend the repertoire of
accessible reactions (Nidetzky et al. 2018; Gantt et al. 2011)
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Enzymatic glycosylation
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Figure 2: Main enzymatic pathways for glycosidic bond formation by wild-type and engineered
glycoenzymes mentioned in the manuscript (GT, TG/GH and GS, and GP)

HOR, unprotected acceptor; LG, leaving group; GH, glycoside-hydrolase; GP, glycoside-phosphorylase; GS,
glycosynthase; GT, glycosyltransferase; TG, transglycosylase; NDP, nucleotide diphosphate; ONP = O-nitrophenyl
derivative. Only the initial stage of the glycoenzyme-catalyzed reactions are summarized. Therefore, the
involvement of the acceptor substrates (ROH) that occurs in the second step of the mechanism for retaining
enzymes (c, d and f) is not depicted.

(a) Inverting GTs use a single-displacement Sn2 mechanism through a single oxocarbenium ion-like
transition state formed under catalytic assistance from a general base. Retaining GTs follow either (b)
a Sni-like mechanism, with the leaving phosphate group functioning as the catalytic base to deprotonate
the ROH acceptor, or (c) a double-displacement mechanism involving the formation of a covalent
glycosyl-enzyme intermediate (Nidetzky et al. 2018; Lairson et al. 2008). (d) Classical Koshland two-
step displacement mechanism of retaining TGs with enzyme nucleophile and acid/base residue
proceeds via the formation of a covalent glycosyl-enzyme intermediate that opens access to
transglycosylation even for innate hydrolytic GHs (Koshland 1953; Bissaro et al. 2015; Li and Wang
2018). a-Retaining mechanism differs only from the depicted B-retaining one by the anomeric
configurations of the a-substrate and a-product as well the more reactive 3-covalent glycosyl-enzyme
intermediate (André et al. 2010). (e) Single-displacement mechanism of inverting GS combines the use
of both a activated mimic of the covalent glycosyl-enzyme intermediate and a catalytic nucleophile
mutant of retaining GH (Cobucci-Ponzano et al. 2011a; Li and Wang 2018). (f) The two-step
displacement mechanism with neighboring group participation of retaining N-acetylhexosaminidases,
also termed substrate-assisted catalysis, proceeds via an oxazoline or an oxazolinium ion intermediate.
The 2-acetamido moiety of the donor substrate plays the role of intramolecular nucleophile with the
assistance of a helper residue to facilitate the formation of the intermediate (Li and Wang 2018). (g) The
mutation of the helper, which promotes the intermediate formation during the catalysis of retaining N-
acetylhexosaminidases, coupled with the use of activated oxazoline derivative leads to glycosynthase-
like mutants (Umekawa et al. 2008; Li and Wang 2018). (h) Inverting GPs promote synthesis via either
axial-to-equatorial or equatorial-to-axial substitution on the anomeric carbon of the glycosyl-1-phosphate
donor substrates through the base catalytic residue. Retaining GPs (not depicted here) are classified
within both GH and GT famillies and, therefore, share common Sn1 (c and d) or Sni-like (b) mechanisms
(Luley-Goed! and Nidetzky 2010; Nakai et al. 2013; O’Neill and Field 2015; Puchart 2015).
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In the following, we will exemplify the use of engineered Leloir-type GTs as synthetic tools,
sometimes in combination with chemical synthesis, to access bioactive oligosaccharides,
leaving aside reactions involving non-carbohydrate aglycones, which are reviewed elsewhere
(Nidetzky et al. 2018; Desmet et al. 2012).

Synthesis of cell surface glycans

Involved in a variety of biological functions such as structural and modulatory roles, complex
carbohydrates generally called glycans are found in bacterial cell walls or attached to the lipids
of the outer membrane of Gram negative bacteria cells. These molecules are often targeted to
treat inflammation, or to prevent bacterial infection. Glycans are also found at the surface of
mammalian cells and constitute potential targets for the development of therapeutics against
cancer (Varki 2017). The structure of these glycans is generally complex, involving a wide
variety of glycosidic linkages, sugar types and arrangements of the glycosyl units. In vivo, these

molecules are mostly assembled by the action of GTs.

As D-galactosyl moiety is often found in glycan structures, linked through a- or B- linkages,
some of the most explored GTs in oligosaccharide synthesis are galactosyltransferases
(GalTs) that use uridine diphosphate-galactose (UDP-Gal) as glycosyl donors to galactosylate
a range of acceptor molecules linked via either a-(1,3), a-(1,4), a-(1,6), B-(1,3) or B-(1,4) bonds.
Most of these enzymes have been identified from natural biosynthetic pathways of O-antigens
in bacteria (E. coli, Helicobacter pylori, Neisseria meningitidis, Neisseria gonorrhoeae, ...)
(Weijers et al. 2008; Chen 2018) and they have been advantageously utilized, often in
combination with a chemically prepared oligosaccharide precursor, for the synthesis of glycans
(Koeller and Wong 2000; Palcic 1999; Niggemann et al. 1998; Fang et al. 1998).

Among them are the antigens of ABO blood-group systems that have shown remarkable
differences in antigenicity related with changes in their structure (Stanley and D. Cummings
2017). In particular, oligosaccharide epitopes of antigens A and B composed of a disaccharide
containing L-Fuc and D-Gal residues, are differentiated by the presence of an additional D-
GalNAc or a D-Gal residue, respectively, leading to a-D-GalNAc-(1,3)-[a-(L-Fuc-(1,2)]-B-D-
GalOR and a-D-Gal-(1,3)-[a-L-Fuc-(1,2)]-B-D-GalOR antigens. GTs involved in A/B blood-
group differentiation have been well-studied, and were shown to be responsible for formation
of a-D-GalNAc-(1,3)-D-Gal and a-D-Gal-(1,3)-D-Gal linkages respectively, on the a-L-Fuc-(1,2)-
B-D-GalOR moieties of blood group O (H) antigens. The donor substrate specificity (UDP-Gal
vs UDP-GalNAc) of human blood group A and B GTs was found to rely on only four amino acid
differences located in the binding pocket of the donor substrate (R176—G, G235—S, L266—M
and G268—A). Interchanges of these amino acids have led to remarkable changes in donor
substrate recognition and catalytic efficiency of the GTs (Seto et al. 1997; Marcus et al. 2003).
In particular, mutants, such as R176G/G235S/L266M, were found with dual specificity toward
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UDP-Gal and UDP-GalNAc donors. Others, like G235S/L266M, displayed broader promiscuity
toward donor substrate, and were found to accept UDP-GIlc and UDP-GIcNAc as donor. These
enzymes were used for the chemo-enzymatic synthesis of blood group A and B

oligosaccharides and their corresponding analogues (Seto et al. 2000).

The a-(2,6)-sialosides found at the terminal or internal D-galactosyl unit of numerous glycan
sequences are generally introduced by two [3-galactoside a-(2,6)-sialyltransferases (SiaTs) in
humans that have a narrow substrate specificity. Conversely, bacterial a-(2,6)-SiaTs such as
B-galactoside a-(2,6)-SiaT from Photobacterium damselae (Pd2,6ST) have been widely used
to produce sialosides as they have a more relaxed substrate specificity that could be further
extended by enzyme engineering (Xu et al. 2018). Combining a structure and sequence
analysis, two non-conserved amino acid residues (A200 and S232) found at the bottom of the
active site of Pd2,6ST, and potentially differentiating D-Gal/D-GalNAc moieties from the glycan
acceptor, were targeted by site-directed mutagenesis to reshape the binding pocket. Out of 15
single and double mutants, a double mutant A200Y/S232Y was found capable of
regioselectively sialylating both the b-Gal and D-GalNAc at the non-reducing end of various

glycans with higher efficiency than parental wild-type Pd2,6ST.

The active-site of a GT80 a-(2,3)-SiaT, from Pasteurella dagmatis, was redesigned in order to
switch its regioselectivity from (2,3) to (2,6). Sequence-based comparison with a-(2,6)-SiaT
guided the identification of putative residues responsible for the (2,3)/(2,6) regioselectivity. The
corresponding P7H/M117A mutant was constructed and used for the synthesis of sialyllactose
(SL) from CMP-Neu5Ac donor and lactose acceptor in a similar yield (72%) to that of the
parental enzyme (75%). SL proved to be mainly 6’-sialyllactose and only trace amount of 3’-

sialyllactose was produced compared to wild-type enzyme (Schmolzer et al. 2015).

A random library of >108 variants of GT42 SiaT from Campylobacter jejuni, CStll, was
generated by epPCR and expressed in modified E. coli strains which were further screened
using a fluorescence-based high-throughput methodology (Aharoni et al. 2006). Sialylated
products were produced in vivo in the engineered cells which were able to transport both donor
(CMP-Neu5Ac) and fluorescent galactose-containing acceptor (e.g. bodipy-lactose). Cells
accumulating the most transfer products were isolated by FACS, leading to the isolation of a
single mutant FO1Y with improved transfer activity towards the labeled substrate (Aharoni et
al. 2006).

An elegant strategy combining neutral genetic drift and site-directed mutagenesis was applied
to engineer a polysialyltransferase (PST) from Neisseria meningitidis serogroup B and control
polymer products (Keys et al. 2014). This enzyme is responsible for transferring successively
a-(2,8)-linked sialic acids onto growing end of a polysaccharide chain, polySia. A single-
residue (K69) was found to control the size distribution of the polySia. In particular, mutant

K69Q showed a distributive mechanism of chain elongation with a narrow-size product profile.
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Several other examples of SiaT engineering have been reported for the production of
sialylosides (Ding et al. 2015; Choi et al. 2014; Guo et al. 2015).

Production of Human milk oligosaccharides

Human milk is composed of lipids, proteins, lactose, and more complex oligosaccharides
called HMOs, known to have a prebiotic effect, especially by providing an advantage for the
growth of beneficial Bifidobacterium species (Zivkovic et al. 2011), and also by having various
immunomodulating effects (Newburg et al. 2005). The core structures of HMOs always display
a lactose (Lac) moiety at the reducing end. This lactose can be branched with sialic acid (a-
(2,3) or a-(2,6) linkages) or L-Fuc (a-(1,2) or a-(1,3) linkages) which corresponds to short-chain
HMOs (trisaccharides). More complex HMOs are further extended in a linear or branched
pattern with repetitions of lacto-N-biose (LNB, B-D-Gal-(1,3)-D-GIcNAc) or N-acetyl-
lactosamine (LacNAc, B-D-Gal-B-(1,4)-D-GIcNAc) and can be decorated with sialic acid and/or
L-Fuc residues (Kobata 2010; Sprenger et al. 2017; Han et al. 2012; Petschacher and Nidetzky
2016; Urashima et al. 2018).

In vivo, the pathway for the HMOs biosynthesis involves several GTs (Bode 2012). Bacterial
GTs, in native or engineered form, have been privileged to mammalian ones for the in vitro
synthesis of HMOs (reviewed in (Sprenger et al. 2017)). Synthesis of HMOs has benefited
from chemo-enzymatic strategies. Xiao and colleagues produced a library of 31 simple and
diverse HMOs from three chemically synthesized simple building blocks, comprising the core
structure of more complex HMOs (lactose, D-GIcpNAc extension, and the presence or not of
an additional b-Galp at the non-reducing end) (Xiao et al. 2016). Four native GTs were used
sequentially or in one-pot multi-enzymatic synthesis in the presence of the chemical building
blocks: a B-(1,4)-galactosyltransferase, an a-(2,6)-sialyltransferase, an a-(1,3)-
fucosyltransferase and an a-(1,2)-fucosyltransferase. This work relied on the beneficial use of
substrate promiscuity of these enzymes, but undoubtedly, enzyme engineering technologies
could provide access to more extended HMO structural diversity, improve enzyme activity, but

also tackle recombinant expression challenges.

For instance, the a-(1,3)-fucosyltransferase from Helicobacter pylori that transfers the L-Fuc
moiety from GDP-Fuc to LacNAc is of great interest to produce various antigen-like glycans
(e.g. Lewis x, Le*, and Lewis y, LeY, epitopes) and HMO components, e.g. the trisaccharide
block 3-fucosyllactose (3-FL). To improve soluble expression of this enzyme, Lin and
colleagues truncated the C-terminal region, which is constituted by 2-10 repeats (depending
on the strain) of 7 amino acids named heptad repeats, required for enzyme dimerization (Lin
et al. 2006). By removing 5 out of the 10 heptad repeats together with 80 additional residues,
the soluble expression of the enzyme was improved without any alteration of the structure or
enzyme activity. A similar strategy was followed by Choi and colleagues to improve expression
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of an a-(1,3)-fucosyltransferase from another H. pylori strain (Choi et al. 2016). The C-terminal
52 amino acids truncated enzyme (A52 FutA) was left with only one heptad. The truncated
enzyme gene was then synthesized after codon optimization for expression in E. coli. The
solubility of the enzyme was found greatly improved, leading to better yields for the production
of 3-FL (from 2% to 45%). This template was then used for further enzyme engineering using
a two-step strategy of computer-aided analysis and iterative saturation mutagenesis (ISM)
(Reetz and Carballeira 2007). Among the several mutants tested, a quadruple mutant
A128N/H129E/Y132I/S46F revealed a 15.5-fold increase in specific activity toward 3-FL with
a 96% yield achieved (corresponding to a 40-fold improvement) in only 1 h of reaction.

Synthesis of GAG oligosaccharides

Glycosaminoglycans (GAGs, i.e., heparin, heparan sulfate, chondroitin, sulfate, dermatan
sulfate, hyaluronans) are composed of repeating disaccharide building blocks formed by an
hexosamine (D-GIcNAc or D-GalNAc) and an uronic acid residue (either D-glucuronic acid
and/or L-iduronic acid) or D-Gal. Due to the presence in their structure of negatively charged
carboxylic groups and often sulfates, these polysaccharides exhibit a hydrophilic and anionic
physicochemical nature that confer them key roles in biological interactions (cell adhesion,
differentiation, signaling, ...) and allow them to maintain structural integrity of tissues (Zhang
et al. 2010). Given the difficulty to produce large and complex GAG oligosaccharides by
chemical synthesis, many chemo-enzymatic routes have been proposed using notably
bifunctional GTs involved in GAG biosynthesis and sulfotransferases (O- and N-STases) that
use high-cost 3’-phosphoadenosine-5’-phosphosulfate (PAPS) as donor as well as
epimerases converting D-glucuronic acid (D-GIcA) into L-iduronic acid (L-ldoA) (Lu et al. 2018;
Li et al. 2017; Zhang et al. 2017; Suflita et al. 2015; Deangelis et al. 2013). To diversify and
better control the accessible structures of GAGs, limited studies yet report the use of
engineered enzymes. While investigating the mechanism of the bifunctional chondroitin
synthase K4CP that catalyzes B-(1,3)-D-glucuronyl and (-(1,4)-N-acetyl-D-galactosaminyl
transfer reactions to polymerize D-GIcA and b-GalNAc into a chondroitin chain, B-D-GIcA-(1,3)-
B-D-GalNAc-(1,4), Sobhany and colleagues identified amino acid residues in the N-terminal
region that affect polymerase activity while retaining transfer activities (Sobhany et al. 2012).
Targeting this region by site-directed mutagenesis, mutants were obtained that enable transfer
of both D-GIcA and D-GalNAc moieties without any polymerization, or transfer only b-GalNAc
with no D-GIcA transfer or polymerization, allowing a fine tuning of the reaction. Site-directed
mutagenesis performed on the DXD amino acid motifs of processive bifunctional GTs involved
in heparan sulfate (HS) synthesis resulted in mutants associated with a single action,
processing one type of glycan unit only that could be used to better control the oligosaccharide

synthesis (Chavaroche et al. 2011).
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Engineered Glycoside-Hydrolases as synthetic tools

In Nature, Glycoside-Hydrolases (GHs) are responsible for the cleavage of glycosidic linkages
between carbohydrate moieties or between a carbohydrate and a non-carbohydrate moiety.
These retaining or inverting enzymes usually proceed to the hydrolysis along two most
common types of mechanisms but with several additional variations, that lead to two different
stereochemical outcomes, either the retention or the inversion of the anomeric configuration
(Figure 2) (Koshland 1953). The catalytic reaction includes two key amino acid residues: a
general acid/base (proton donor) and a catalytic nucleophile or a general acid and a general
base. Both retaining and inverting glycosidases are also classified as either endo- or exo-
glycosidases, depending on whether they cleave within the middle or at the end of an
oligosaccharide chain, respectively. Most glycosidases used for synthetic purposes have an
exo-mechanism, catalyzing glycosyl transfer to the non-reducing terminal monosaccharide unit
of acceptor substrates (Kobata 2013). The use of endo-glycosidases is scarcer. These
enzymes could be appealing for synthetic purpose because they are quite robust and tolerant
to solvents (Li and Wang 2016; Kobata 2013). However, their synthetic efficiency remains

limited due to the high activity toward water.

Despite a hydrolytic activity, some retaining-GHs also display naturally efficient transferase
activities and have thus been denominated ‘transglycosylases’. Out of the 153 GH families
currently defined in the CAZy database (Lombard et al. 2014), TGs can be mainly found in
families GH2, 13, 16, 31, 70, 77, 23, 102, 103 and 104 (Williams 2015). They are known to
function with diverse non-nucleotide sugar donors and preferentially transfer the glycosyl
moiety in a regio- and stereoselective way onto a broad variety of acceptors distinct from water

to synthesize a wide range of glycosides.

Both endo- and exo-GHs have also been engineered in order to limit the hydrolytic activity,
meaning their ability to transfer the carbohydrate moiety onto water, and favour
transglycosylation reactions (Bissaro et al. 2015). Among them are found the so-called
‘glycosynthases’ (GSs) that have been mutated on the catalytic nucleophile residue and are
therefore devoid of their innate hydrolytic activity. The resulting enzymes are still able to
catalyze the glycosyl transfer using a fluoride- or azide-activated glycosyl moiety, which mimics
the covalent glycosyl-enzyme intermediate of the natural reaction, to perform the formation of
glycosidic linkages (Figure 2). GSs can be effective biocatalytic tools for carbohydrate
synthesis, achieving high yields in spite of a limited donor substrate selectivity and the relatively
poor stability and availability of glycosyl fluorides (Mackenzie et al. 1998; Malet and Planas
1998; Moracci et al. 1998). The glycosynthase approach has been implemented in many
chemo-enzymatic pathways for the synthesis of oligosaccharides (Cobucci-Ponzano et al.
2011a).
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Overall, engineering of GHs has enabled not only to improve catalytic activity, but also to
access diversified oligosaccharides, often new-to-Nature, with altered chain length,
polydispersity and glycosidic linkage specificities. It has also helped to remove unwanted side
reactions, for example primary or secondary hydrolytic activities, or to improve enzyme
expression, stability and solubility. This section will be focused on the use of engineered GHs,
mostly transglycosylases and glycosynthases, for the synthesis of a variety of relevant

oligosaccharides.

Synthesis of cell surface glycans

Endo-B-N-acetylglucosaminidase (Endo-M) is a retaining GH85 endo-glycosidase that cleaves
the B-(1,4)-glycosidic linkage in the N,N’-diacetylchitobiose core of N-glycans. The enzyme
can also transfer whole sugar chains, onto a b-GIcNAc residue from a peptide or a protein.
However, the secondary hydrolysis of the transglycosylation product obtained using endo-M is
a key limitation of the approach. To avoid hydrolysis of the product (secondary hydrolysis), the
active site of the enzyme was engineered to yield GS-like enzymes. The putative helper
residue, which acts to facilitate the formation of the oxazoline or oxazolinium ion intermediate,
was substituted by GIn or His amino acids. The corresponding mutants N175H, N175Q and its
evolved N175Q/W251N version, showed both diminished primary and secondary hydrolysis
activity as well high transglycosylation activity to form the N,N’-diacetylchitobiose core in the
presence of activated oligosaccharide oxazoline that mimics the intermediate formed during
the reaction (Umekawa et al. 2010; Sakaguchi et al. 2016). Therefore, Endo-M and its related
enzymes embody powerful tools for the glycoengineering and glycodiversification of

glycoproteins (Li and Wang 2018).

Transglycosylating activity of GHs has also been engineered to produce bioactive
oligosaccharides (such as HMOs, oligosaccharide-antigens displayed on proteins or lipids, and
tumor-associated antigens) that often contain the core galacto-N-biose (GNB, B-D-Gal-(1,3)-
D-GalNAc) and LNB moieties. As an example, the retaining GH35 B-galactosidase from
Bacillus circulans (BgaC) suffering from low yields due to re-hydrolysis of the transfer products
(Warmerdam et al. 2013) was further engineered by Henze and colleagues into a
galactosynthase mutant by substituting the catalytic nucleophile glutamate into a glycine
(E233G mutant) enabling transfer of galactosyl residue from a-D-Gal fluoride to different 3-
linked N-acetyl-D-glucosamine acceptor substrates. The resulting B-(1,3)-linked D-
galactosides, LNB conjugates, were stereo- and regioselectively synthesized in good yield

(40-90%) without -as expected - any trace of secondary hydrolysis (Henze et al. 2014).

In order to recover its innate (1,3) regioselectivity during the B-D-Gal transfer for the synthesis

of LNB, the substrate specificity of the TtbGly E338G glycosynthase derived from a GH1

retaining B-glycosidase from Thermus thermophilus was expanded. The use of the 2-amino-
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2-deoxy-B-D-glucoside instead of its bulky 2-acetamido derivative reoriented the
regioselectivity of this glycosynthase-catalyzed reaction toward the formation of (1,3) instead
of (1,4) linkages; the use of the thiophenyl group at the anomeric position of the acceptor being
already a prerequisite to ensure a correct positioning of the acceptor in the active site and
allowing the catalysis to proceed. Following the enzymatic coupling performed in 88% vyield,
additional sequential selective acylation of nitrogen followed by anomeric deprotection led to
the production of pre-activated or free LNB disaccharides in 94 and then 97% yields (D’Almeida
et al. 2009).

Fucosynthases were obtained from the retaining GH29 a-(1,3/4)-fucosidase BbAfcB from
Bifidobacterium bifidum. For instance, the D703S a-L-fucosynthase mutant regioselectively
catalyzed the synthesis of valuable biomimetic tri- and pentasaccharides, including the HMOs
3-FL and lacto-N-fucopentaose Il (LNFP-II, B-D-Gal-(1,3)-[a-L-Fuc-(1,4)]-B-D-GIcNAc-(1,3)-B-
D-Gal-(1,4)-D-Glc) in 13 and 41% yield, respectively) (Sakurama et al. 2012). The D242S a-L-
fucosynthase based on the GH29 retaining a-L-fucosidase from Sulfolobus solfataricus
catalyzed fucosylation of pNP-B-D-Gal to generate various regioisomers in an overall yield of
26% using the stable B-fucosyl azide as donor. Furthermore, pNP-B-D-GICNAc was
regioselectively fucosylated on its O-3 in 86% yield (Cobucci-Ponzano et al. 2009). Likewise,
B-D-Gal azide was converted with high regioselectivity to a-Gal-disaccharides in 33-51%
yields, depending on the acceptor, using the D327G galactosynthase mutant based on the

GH36 a-galactosidase from Thermotoga maritima (Cobucci-Ponzano et al. 2011b).

A GH98 enzyme from Streptococcus pneumoniae SP3-BS71 was used to cleave respectively
the A- and B-trisaccharides from type 2 core chains (LacNAc), responsible for determination
of blood groups, with the objective of producing universal blood (Kwan et al. 2015). However,
some linkages (e.g. LNB from type 1 core chains) were resistant to the activity of the wild-type
enzyme. Following a structure-guided directed evolution strategy, involving several iterations
of site-selected randomized mutagenesis combined with high-throughput screening, Kwan and
colleagues isolated a mutant displaying 170-fold higher activity towards the cleavage of the
LNB linkage compared to parental wild-type enzyme, while preserving a high-activity towards
type 2 core-chains (LacNAc).This exemplifies the potential of building specific glycans or

glycan building blocks with exo-enzymes by de-constructing more complex glycan structures.

Targeting bacterial polysaccharides

Pathogenic bacteria surface carbohydrates, either capsular polysaccharides (CPS) when

bacteria produce a capsule, cell wall-associated glycans in Gram positive bacteria or

lipopolysaccharides (LPS) in Gram negative bacteria are targets of choice for the development

of glycoconjugate vaccines (Micoli et al. 2018b; Phalipon et al. 2009). Various strategies have

been proposed to access the relevant immunogenic oligosaccharides that could elicit an
41



immune response and therefore be used in the composition of glycovaccines: extraction from
natural sources, chemical synthesis (which remains the most used approach for the
development of glycoconjugate vaccines in general), chemo-enzymatic synthesis and in vivo

production by whole-cell biocatalysts.

Recently, programmed in vitro chemo-enzymatic routes have been reported by our group that
take advantage of transglycosylase engineering to produce complex microbial cell-surface
oligosaccharides and circumvent synthetic boundaries of glycochemistry. The different studies
targeted more specifically the synthesis of oligosaccharides mimicking the O-antigen of several
Shigella flexneri serotypes. Most known S. flexneri O-antigen repeats share a linear tri-L-
rhamnosyl-N-acetyl-D-glucosamine tetrasaccharide backbone and the serotype specificity is
partly defined by the a-D-glucosyl branched to the backbone. In the synthetic pathway foreseen
for the production of the O-antigen repeats, regioselective glucosylation was considered using
a-transglucosylases in order to overcome the poor a/ff stereoselectivity of the chemical
glucosylation process. Given that no native enzyme has been reported for this reaction,
computer-aided engineering approaches were followed to redesign their active site in order to
render them able to act on non-natural substrates, carrying protecting groups compatible with
a subsequent chemical elongation. These chemically modified substrates were designed in
order to integrate the enzymatic step at different stages of the synthesis, while taking into
account the inherent constraints of chemical reactivity and enzyme-based catalysis. Different
lightly chemically protected substrates derived from O-antigen repeats, and well suited for
further chemical elongation leading to the S. flexneri haptens, were thus targeted to set-up the
programmed chemo-enzymatic routes of monosaccharide analogs such as methyl a-L-
rhamnoside and allyl 2-acetamido-2-deoxy-a-D-glucoside (Champion et al. 2009a, 2012), or
disaccharide derivatives such as allyl 2-deoxy-2-trichloroacetamido-3-D-glucosyl-(1,2)-a-L-
rhamnoside or allyl  a-L-rhamnosyl-(1,2)-2-deoxy-2-trichloroacetamido-B-D-glucoside
(Salamone et al. 2015a; Vergeés et al. 2015).

In this context, sucrose-utilizing transglucosylases from GH13 and GH70 families, well known
for their remarkable versatility regarding the acceptor substrate (Daudé et al. 2013a, 2014;
Moulis et al. 2016; André et al. 2010), were selected as starting scaffolds to adapt the active
site to the target molecules. Recombinant amylosucrase from Neisseria polysaccharea (NpAS)
was used as a scaffold to tailor enzymes for the glucosylation of the monosaccharides. By
randomizing mutations at 7 positions identified by molecular modelling in the acceptor binding
site, a library of 133 single mutants followed by pairwise recombination of the mutations led to
a library of ~20,000 mutants which was screened. Amylosucrase variants with either
completely new specificity toward methyl a-L-rhamnoside or significantly enhanced (by up to a
400 fold compared to NpAS) toward allyl 2-N-acetyl-2-deoxy-a-D-glucoside were isolated. Yet
limited, the catalytic efficiency of the engineered enzymes toward the target acceptors was
found considerably improved compared to the parental wild-type enzyme. The best variants
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were then used to synthesize glucosylated building blocks that were converted into acceptors
and donors compatible with chemical elongation toward oligosaccharide fragments of the O-

antigens of the targeted serotypes 1b and 3a (Champion et al. 2012).

A more ambitious design was then undertaken to re- engineer several binding subsites of
NpAS and render it able to glucosylate a partially protected disaccharide acceptor (allyl (2-
deoxy-2-trichloroacetamido-B-D-glucosyl)-(1,2)-a-L-rhamnoside) to generate a precursor of S.
flexneri. An approach combining molecular docking, computational protein design, and
sequence co-evolution derived information was developed to design libraries containing a
limited number of authorized mutations at 23 selected positions of the active site. From a
designed library of 63,000 clones selected from a set of 202% theoretical combinations, one
NpAS mutant displaying 7 mutations in the active site of the enzyme
(R226L/1228V/F290Y/E300V/V331T/G396S/T398V) was able to glucosylate the disaccharide
of interest using sucrose as a readily available donor substrate. A reaction for which there is
no equivalent yet reported in the literature was made possible, generating the S. flexneri type

1b glucosylation pattern (Verges et al. 2015).

Targeting another lightly protected disaccharide acceptor: allyl a-D-glucosyl-(1,4)-0-L-
rhamnosyl-(1,3)-2-deoxy-2-trichloroacetamido-B-D-glucoside, which is well suited for further
chemical elongation leading to the S. flexneri serotype 2a, an engineered dextransucrase
(GBD-CD2 branching sucrase) was able to achieve a remarkable high yield of site-selective a-
D-glucosylation (94%) of the targeted disaccharide. The product of enzymatic glucosylation
was then chemically converted into the pentadecasaccharide hapten present in S. flexneri 2a-
TT15, the first synthetic carbohydrate-based vaccine candidate against endemic shigellosis

(Salamone et al. 2015a).

Production of Human milk oligosaccharides

L-Fuc residues are present in 50% of the HMOs. Alternatively to the use of Leloir-type a-
fucosyltransferases (Petschacher and Nidetzky 2016), the fucosylation can also be achieved
by a-fucosidases endowed with transfucosylating activity with yields between 5-40%,
depending on the donor/acceptor ratio, although hydrolysis remains largely observed. To
improve transfucosylating activity, a directed evolution strategy was applied to introduce
randomly mutations on the full-length gene corresponding to the enzyme TmaFuc from
Thermotoga maritima by epPCR (Osanjo et al. 2007). Five thousand clones of the a-
fucosidase were first screened on solid medium in presence of the chromogenic X-a-L-Fuc
susbtrate. From this first screening, 100 mutants were retained for further assessment of their
transfucosylation activity using pNP-a-L-Fuc as donor substrate and pNP-3-D-Gal or 3-D-Gal-
(1,3)-B-D-Glc-O-phenyl (phenyl laminaribioside) as acceptor. From analysis of the mutations
found in the best mutants, combined with structural analysis, a triple mutant
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T264A/Y267F/L322P was constructed that exhibited improved transfucosylation activity
yielding 59% for the production of a-L-Fuc-(1,2)-B-D-Gal-OpNP compared to 7% for the
parental wild-type enzyme, in agreement with a considerable decrease of the hydrolytic activity
(around a 100-fold) (Osanjo et al. 2007). The same group later employed a semi-rational
approach to design an a-L-transfucosylase starting from the retaining exo-GH a-L-fucosidase
from Bifidobacterium longum subsp. infantis (BiAfcB). Structural and sequence comparison of
the latter with TmaFuc guided the construction of several mutants containing the equivalent
L321P substitution combined with neighboring mutations at donor binding site that aimed at
improving the transglycosylation/hydrolysis ratio as devised by Teze and colleagues (Teze et
al. 2014). The double mutant L321P/F34l yielded the best production of LNFP-II from 3-FL
donor and lacto-N-tetraose (LNT) acceptor going from 12% for wild-type enzyme to 32%, and
lowered secondary product hydrolysis. The mutant was also able to transfer the L-Fuc from 3-
FL donor to three other acceptors: lacto-N-neotetraose (LNnT), lacto-N-fucopentaose | (LNFP-
[) and 2’-FL, opening the way for the synthesis of more complex fucosylated HMOs
(Saumonneau et al. 2015). More recently, a loop engineering strategy was applied to enhance
the transfucosylation/hydrolysis ratio of a GH29 a-(1,3/4)-fucosidase from Bifidobacterium
bifidum (BbAfcB). A 23 amino acid long a-helical loop located near the active site was replaced
by the corresponding 17 amino acid long loop from the a-(1,3/4)-fucosidase from Clostridium
perfringens to confer a better shielding from water molecules to BbAfcB. The hydrolytic activity
on 3-FL was almost abolished (6,000 times lower than for wild-type enzyme) and the
engineered enzyme transferred L-Fuc with a 39% vyield from LNT to LNFP-Il using 3-FL as
donor (Zeuner et al. 2018).

Synthetic routes to access sialylated HMOs have attracted increasing attention (see review
(Zeuner et al. 2014)). A trans-sialidase from Trypanozoma cruzi (TcTS), able to transfer a-(2,3)
sialic acid from sialoglyconjugate donors onto B-D-Gal glyconjugate acceptors, was used in
various studies for the sialylation of different HMO precursors using a wide array of donors
(casein glycomacropeptide, fetuin, a-Sia-(2,3')-Lac, pNP-a-Sia) and acceptors (Lac, LNT,
galacto-oligosaccharides (GOS), LacNAc, LNB, LNnT, lacto-N-fucopentaose V (LNFP-V),
GNB, B-D-Gal-(1,6)-D-Gal, ...) (Zeuner et al. 2014). An issue encountered with the use of TcTS
is related to the virulence factor of Trypanozoma cruzi, making it less interesting for food-
related process. A highly homologous enzyme, the sialidase from Trypanosoma rangeli
(TrSA), was thus thought to be a good alternative to TcTS. To confer a trans-sialidase activity
to TrSA, various engineering approaches have been used over the years. Structural
comparison of TrSA and TcTS revealed similar topology of the active site with the exception
of three amino acid residues (S120, G249 et Q284 in TrSA corresponding to Y119, Y248 et
P283 in TcTS) assumed to be important for transferase activity (Buschiazzo 2000; Amaya et
al. 2004; Paris et al. 2001). The amino acid interchanges at these three positions were not

sufficient to confer a trans-sialidase activity (Paris et al. 2001)(Paris et al. 2005). Additional
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mutations were thus introduced to recreate a favourable environment for binding the sialic acid
moiety of the substrate. As a result, the variant TrSAsmyg containing five mutations
(G249Y/Q284P/S120Y/M96V/A98P) displayed 1% of trans-sialidase activity compared to
TcTS, transferring sialic acid from a-sialyl-(2,3)-lactose to lactose acceptor. Adding a sixth
mutation in the active site led to mutant TrSAesmut having a trans-sialidase activity enhanced up
to 11% (Paris et al. 2005). In addition, Jers and colleagues (Jers et al. 2014) identified a
positively charged motif in region 197-203 of TcTS, near the substrate binding cleft, that
differed from TrSA. Hypothesizing its importance in trans-sialidase activity, a TrSA mutant
incorporating this motif, Trismus, Was constructed, that contained a total of 13 mutations. This
mutant showed a reduced hydrolytic activity compared to parental TrSAemus: €nzyme (around
80% less hydrolysis of 3-SL), but still maintained trans-sialidase activity. It was thus used for
the sialylation of various acceptors: GOS, isomalto-oligosaccharide (IMOs), lactulose,
melibiose, maltose and L-Fuc. To further improve its trans-sialidation activity, a computer-aided
design approach was applied to TrSAsmu: earlier described (Pierdominici-Sottile et al. 2014).
Five additional mutations were proposed (I37L, T39A, F59N, D285G, G342A) to help the
stabilization of the transition state. Starting from Trismu, the best mutant described in the
literature at the time, Nyffenegger and colleagues added three of these mutations T39A, F59N
and D285G, resulting in mutant Trismu CONtaining a total of 16 mutations and that showed a
13.6-fold improved overall transferase activity over hydrolysis ratio compared to parental
TrSAsmut (Nyffenegger et al. 2017).

Production of other prebiotics

Food bioactive oligosaccharides have gained interest as potent health-beneficial ingredients
over the last years. They are not digested by human hydrolytic enzymes and reach the lower
gastrointestinal tract where they are metabolized by beneficial intestinal microbiota, which in
turn produce short-chain fatty acids providing health benefits to the host, as well as preventing
the growth of harmful bacteria (Gibson and Roberfroid 1995). Several studies have suggested
that prebiotic intake plays a role in the immune system, may protect against colon cancer and
prevent cardiovascular diseases and metabolic syndromes. Their beneficial properties depend
on the monosaccharide composition (Sanz et al. 2005), and current applications mainly
concern fructo-, galacto-, xylo-, gluco-oligosaccharides (FOS, GOS, XOS) and lactulose,
especially for food and beverage processing, dietary supplements, and animal feed (Mano et
al. 2018). Utilization of microbial GHs (including glycosidases and transglycosylases) for a
controlled regio- and stereoselective synthesis of prebiotic oligosaccharides has been
extensively reviewed (Diez-Municio et al. 2014). Nonetheless, the search for new
transglycosylases, the development of processes, as well as the improvement or redesign of
catalysts by enzyme engineering is still relevant in order to develop new applications and/or to

optimize the production yields.
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For instance, an elegant engineering strategy of Bacillus circulans B-galactosidase was
recently proposed by Tanaka and colleagues to alter its substrate specificity and enhance the
production of short chain GOS (DP2 and DP3 only) from lactose substrate. For that purpose,
they designed and screened a library of synthetic binding proteins (monobodies) that
specifically targeted the +3 acceptor subsite. This local constraint prevented the
accommodation of oligosaccharides of DP3 in the active site and their further elongation into
DP4. At the same time, enzyme properties for lactose recognition and production of short chain

GOS were not altered, allowing their accumulation in the medium (Tanaka et al. 2015).

Concerning XOS production, the X-ray structure resolution of an inactive mutant of the Bacillus
pumilus IPO B-xylosidase in complex with xylobiose (DP2) enabled the identification of amino
acid residues involved in xylobiose recognition. Notably, a tight binding of D-Xyl at subsite +1
was reinforced by mutating a phenylalanine (F503) into tyrosine, leading to a 20% increase of
xylobiose production from xylose, compared to the wild-type enzyme. Xylobiose presents the
highest prebiotic properties among xylo-oligosaccharides, and this study opened the route for

similar engineering strategy within this family of enzymes (Hong et al. 2018).

Other interesting examples deal with microbial transglycosylases that use readily-available
sucrose as a donor substrate to efficiently polymerize either the D-fructosyl or the D-glucosyl
moiety of sucrose to produce B-D-fructan of a-D-glucan-type polysaccharides (i.e.
fructansucrase or glucansucrase enzymes of GH families). By adding exogenous
monosaccharides in the reaction medium with sucrose, these enzymes have the ability to
transfer the D-fructosyl or D-glucosyl units onto these acceptor molecules to yield interesting
dietary oligosaccharides. To lower the cost of such processes, enzyme engineering has been
used to produce oligosaccharides from sole sucrose. For instance, the production of levan-
type FOS (FOS with B-(2,6) glycosidic linkages) from DP2 to DP10 was developed thanks to
the construction of a levansucrase-levanase fusion enzyme (levansucrase SacB from Bacillus
subtilis and endolevanase LevB1 from B. licheniformis). Interesting yields of about 40% were
obtained from sucrose substrate, to access 6-kestose, levanbiose and blastose among other
FOS (Porras-Dominguez et al. 2017). Concerning the production of gluco-oligosaccharides,
determination of the 3D structure of the dextransucrase DSR-M from L. citreum NRRL B-1299,
free or in complex with an isomalto-oligosaccharide (IMO) of DP4, allowed the design of
variants producing short a-(1,6) chains of around 16 kg/mol (80% yield) by altering aromatic
residues located in a glucan-binding domain shown to be involved in the anchoring of dextran
chains (Claverie et al. 2017). Gluco-oligosaccharides rich in a-(1,6) linkages (IMO) are well-
known prebiotic compounds used in Asian countries for many years. However, their prebiotic
properties would be enhanced by increasing the content in rare a-(1,2) glycosidic bond. For
that purpose, an engineered enzyme specialized in the a-D-(1,2) glucosylation of IMO acceptor

molecules, called GBD-CD2 branching sucrase, was used for the controlled introduction of a-
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(1,2)-branched D-glucosyl moieties, from 1 to 37% following the reaction conditions used

(sucrose/donor ratio) (Fabre et al. 2005; Brison et al. 2010).

To finish, the amylosucrase from Neisseria polysaccharea (NpAS) is another a-
transglycosylase that uses sucrose as D-glucosyl donor to catalyze the formation of soluble
malto-oligosaccharides and insoluble amylose-like polymer. Using a computer-aided
approach, semi-rational libraries of 2.7 x 10* mutants targeting as many as 23 amino acid
positions of the active site were constructed and screened in the presence of sole sucrose
(Verges et al. 2017). This allowed identification of 17 mutants able to synthesize molecule
which are not synthesized by the parental wild-type enzyme. Characterization of the three most
promising mutants (namely 47A10, 37G4 and 39A8), containing respectively 7, 10 and 11
mutations in the active site, showed the production of a sucrose derivative, named erlose (a-
p-glucosyl-(1,4)-a-p-glucosyl-(1,2)-B-b-Fructose), and panose (a-b-glucosyl-(1,6)-a-b-glucosyl-
(1—4)-a-p-glucose). These products, reported to have potential interest as sweeteners or
prebiotic molecules, were never obtained using either natural amylosucrases previously

characterized or engineered variants (Prapulla et al. 2000; Makelainen et al. 2009).

Exploitation of engineered Glycoside-Phosphorylases in synthesis

Non-Leloir  glycosyltransferases called Glycoside-Phosphorylases (GPs) cleave
oligosaccharides in presence of inorganic phosphate, producing a glycosyl phosphate and a
shorter oligosaccharide (Figure 2). This so-called phosphorolysis is reversible and can
therefore be used to catalyze the stereospecific synthesis of glycosides using cheap
phosphorylated glycosyl donors. When combined with a second appropriate phosphorylase,
the said phosphorylated glycosyl donor can be produced in situ from the corresponding readily
available glycosyl, making these enzymes suitable synthetic tools for the scaled-up production
of carbohydrates (Nishimoto and Kitaoka 2007). GPs have been used scarcely in this purpose
mainly due to a lack of diversity among the available enzymes. The known phosphorylases,
their mechanism, structure and use in the synthesis of oligosaccharide have been extensively
reviewed (Luley-Goedl and Nidetzky 2010; Nakai et al. 2013; O’Neill and Field 2015; Puchart
2015; Kitaoka 2015; Pergolizzi et al. 2017). Around 30 phosphorylases have been reported
and were classified in the CAZy database as either GT or GH members. Furthermore, GPs
can adopt either retaining or inverting mechanisms. GPs have a broad acceptor specificity as
they can act on various carbohydrates (such as trehalose, kojibiose, sucrose, nigerose,
maltose, ...) but their donor specificity is quite narrow (Desmet and Soetaert 2012; O’Neill and
Field 2015). Several recent studies report the characterization and the engineering of GPs that
could be used for glycoside synthesis (Kuhaudomlarp et al. 2018; Macdonald et al. 2018;
Mukherjee et al. 2018; Awad et al. 2017).
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Production of oligosaccharides

De Groeve and colleagues engineered both the donor and acceptor specificities of a cellobiose
phosphorylase (CP) (reviewed in (De Groeve et al. 2011)), first discovered in extracts from the
bacteria Clostridium thermocellum and belonging to the GH94 family. This enzyme catalyzes
the reversible phosphorolysis of cellobiose into a-D-glucosyl 1-phosphate (a-D-Glc-1P). To
diversify the products obtained by GPs, the donor specificity of CP from Cellulomonas uda was
changed from cellobiose to lactose using a two-step strategy of directed evolution. First,
random mutagenesis was applied by epPCR on part of the gene, targeting more specifically
amino acid residues contained between T216 and V757 (out of the 822 amino acid enzyme),
that include all residues located within 15A of the catalytic site. Altogether, 10,000 mutants
were generated and subsequently selected for their activity towards lactose using a growth-
selective assay on minimal solid medium containing lactose as sole carbon source. Three
active mutants were retained and further sequenced showing the presence of a set of 6 amino
acid substitutions in all mutants. All mutations except N667T occurred at more than 15A from
the donor subsite. The variant LP1 (A397V/T508A/A512T/D557N/N667T/G681S) showed a 3-
fold improved activity towards lactose and a 6-fold decreased activity towards cellobiose
compared to parental wild-type enzyme. Mutant LP1 was then subjected to additional rounds
of site-directed mutagenesis in order to decipher the role of each mutation by partial
deconvolution. Mutations T508A present near the entrance of the active site and N667T
located close to the donor site were the only mutations that conferred an activity towards
lactose. The corresponding double mutant T508A/N667T named LP2 was further engineered
on these two positions by site-directed saturation mutagenesis. This yielded the double mutant
T508I/N667A, named LP3, which had the best activity toward lactose with a 50% increase
compared to LP2, leading to a 7.5-fold increase compared to that of the parental enzyme (De
Groeve et al. 2009). Mutant LP3 was ultimately used for the production of lactose in a
completely new way compared to usual GalT enzymes that use expensive UDP-Gal as a
donor.

CPs have a broad acceptor promiscuity and they are able to recognize several mono and
disaccharides such as D-Glc, b-Man, D-GIcNAc, D-Xyl, L-Fuc, D-Ara, melibiose, gentiobiose,
isomaltose, ... what is particularly valuable for glycoside synthesis (De Groeve et al. 2011). To
further expand the acceptor specificity, De Groeve and colleagues identified a residue (E649)
in the structure of CP from Cellulomonas uda, whose side-chain makes hydrogen bonding
interaction with the D-Glc acceptor. Upon saturation mutagenesis of this residue, the mutant
E649C was identified as being able to recognize new glucoside acceptors. Mutation E649C
was then combined with mutations present in mutant LP3. Three additional amino acid
positions located at the entrance of the active site were then identified for saturation

mutagenesis on the basis of structure analysis. The resulting mutant (N156D, N163D, T508I,
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E649G and N667A) revealed a broad acceptor specificity towards a- and B-glycosides (De
Groeve et al. 2010).

Using the ISM technology, Chen and colleagues engineered the specificity of a trehalose
phosphorylase for the production of 3-D-Gal-1P instead of 3-D-Glc-1P produced by the parental
enzyme (Chen et al. 2014). Computational modelling of the lactotrehalose binding in the
enzyme active site enabled identification of three amino acid residues that were further
targeted by mutagenesis. Altogether, 600 variants were screened and the triple mutant
L649G/A693Q/W371Y was identified with a 2,196-fold increase in activity for the release of 3-

D-Gal-1P. The reverse reaction allowed to produce lactotrehalose from B-b-Gal-1P and D-Glc.

Other examples of GP engineering can be found in the following references (Yamamoto et al.
2006; Nakai et al. 2010; Ye et al. 2012; Van der Borght et al. 2012; Hamura et al. 2013).

Outlook and future directions

Significant advances have been made over the last years regarding the enzyme-based in vitro
synthesis of complex carbohydrates with the development of enzyme cascades, one-pot
synthesis, and combined use of chemical and enzymatic approaches. Progress has noticeably
been boosted by the advent of enzyme engineering technologies that enabled to access a
whole new diversity of enzymes. This later has strongly benefited in recent years from the
tremendous developments in bioinformatics (Liu and Neelamegham 2014; Sanchez-
Rodriguez et al. 2014) and computer-aided design of enzymes (Khan et al. 2016) that allow
nowadays to consider reprogrammation of their substrate specificity toward the wanted
glycosylation reaction, with sometimes the tailoring on purpose of enzymes to act on non-
natural chemically modified carbohydrate precursors. Despite the impressive advances of
rational engineering, semi-rational approaches leading to medium to high size library of
variants still require the development of high throughput screening methods. In the field of
glycoenzymes, those methods cannot always be easily implemented when looking for very
specific sugar structures. They often necessitate the adjunction of analytical techniques, which
are highly accurate but remain time consuming. Progress in NMR and mass spectrometry
should help to tackle with more efficiency this question in the near future. The field is rapidly
evolving with the democratization of these technologies, which could be also combined with
post-synthesis and specific chemical labelling of the reaction products to facilitate product
analysis at high throughput. In parallel, cell development for specific carbohydrate production
inspired from existing biosynthetic pathways is also rapidly progressing (Chen 2018; Ruffing
and Chen 2006). The incorporation of engineered enzymes gives total freedom to even more
creative pathways to produce in vivo bioactive oligosaccharides and glycoconjugates at large

scale and offers exciting perspectives.
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When targeting a specific carbohydrate structure, several bio- and/or chemo-synthetic
approaches can thus be employed. Of course, there is no easy way to anticipate the most
appropriate one as the choice will depend on many factors including the structural complexity
of the target molecules, the chemical difficulties, the enzyme and substrate availability, the
environmental impact, regulation and ethical considerations, and far and foremost the
economic advantage of the process knowing that production of oligosaccharides remain of
high cost. All these constraints and issues will have to be considered. To develop innovative
processes with the highest possible discernment, there is no doubt that strong interactions and
interfacing between all these disciplines will be essential, hybrid and composite approaches

constituting the future of synthetic glycobiology.
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PART II: An overview on shigellosis-causing bacteria, vaccine
strategies and previous projects

Generalities and epidemiological distribution of Shigella bacteria

Bacteria from the Shigella genus are Gram-negative enteroinvasive bacteria responsible for
shigellosis, also called bacillary dysentery. Firstly isolated in Japan by Kiyoshi Shiga in 1898,
members of the Shigella family are now described and classified into four groups exhibiting
various serotypes: S. dysenteriae (group A, 13 serotypes), S. flexneri (group B, 15 serotypes
and various emerging subserotypes), S. boydii (group C, 19 serotypes) and S. sonnei (group
D, 1 serotype) (Barel and Mulard 2019; Lampel et al. 2018).

Mortality rate (deaths per 100000)
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Figure 3. Shigella diarrhea mortality rate per 100 000 people in 2016 for all ages.

Figure from (Khalil et al. 2018) ATG=Antigua and Barbuda. VCT=Saint Vincent and the Grenadines.
LCA=Saint Lucia. TTO=Trinidad and Tobago. Isl=Islands. FSM=Federated States of Micronesia.
TLS=Timor-Leste.

Shigella dysenteriae 1 was responsible for burst of dysentery epidemics throughout the 20™
century, in Central and East Africa, Central America, and South Asia (Levine et al. 2007), and
is still a not-negligible cause of shigellosis, while Shigella flexneri is responsible for the endemic
form of the disease. Small and targeted epidemics in developed countries are caused by S.
sonnei (Bopp et al. 2015). Only 10 to 200 bacterium cells are necessary to cause the infection
which is mainly transmitted through fecal-oral route (Dupont 1989), especially in areas where
there are poor sanitation and difficult access to clean water (World Health Organization 2005).
Shigellosis causes acute diarrhea, often hemorrhagic, but unlike other diarrheic diseases (e.qg.
caused by Vibrio cholera or enterotoxic Escherichia coli), treatment by sole re-hydration is
often not effective enough. Moreover, the bacteria started to develop multi-resistance to the
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first-line antibiotics (Puzari et al. 2018). The recent emerging S. flexneri serotype 4s is even
able to resist the latest generation of antibiotics (Yang et al. 2016) making endemic shigellosis
one of the predominant cause of death by infectious disease among children under age five in
developing countries (World Health Organization 2005). Thus, with more than 269 million
cases and 212,000 deaths (~30% among children under age 5) in 2016 (Figure 3, (Khalil et al.
2018)) and the risk of developing long-term complications (World Health Organization 2005),
the development of an effective vaccine for broad protection against shigellosis-causing

bacteria is of utmost importance. Despite notable improvements in sanitation over the last 15

years in the most affected areas, the need for such vaccine remains urgent (Yang et al. 2016).

S. flexneri 65.9%
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Figure 4: Species and serotype distribution of Shigella covering 4 sites in sub-Saharan Africa
and 3 sites in South Asia, in 2014. Data from (Livio et al. 2014). Infographic reproduced with the kind
authorization of Louis-Antoine Barel, Pasteur Institute

Prevalence of Shigella serotypes is strongly dependent on the geographical area. They are
mainly from Shigella flexneri (Sf2a/2b, Sf3a, Sf6 and Sflb), as well as from S. sonnei in
developed countries and to a lesser extent from S. boydii and S. dysenteriae (Figure 4).

However, new subserotypes of S. flexneri have been increasingly found in certain areas such
as i) Sflc (7a) in Bangladesh, Egypt, Indonesia, Pakistan and Vietham (Qiu et al. 2012), ii)
SfYv (Yb), Sfxv (Xb) and Sfld in China (Shashkov et al. 2013; Luo et al. 2012), as well as iii)
Sf4s (Z) in China and Bangladesh (Qiu et al. 2011; Shahnaij et al. 2018), and (iv) Sf4av (4e)

in Australia and Russia (Perepelov et al. 2009).

Shigella flexneri polysaccharide antigens

The lipopolysaccharides (LPS) of the outer membrane of Gram-negative bacteria largely
contribute to virulence, and interaction with the host (West et al. 2005; Morona and Bosch
2003). They are composed of a lipid and a polysaccharide part. The latter is defined by a core
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oligosaccharide and an O-specific polysaccharide (also referred to as the O-antigen, O-Ag),
itself formed by repeating units (RUs) which can vary in structure and compaosition depending
on species and serotypes (Figure 5). All S. flexneri serotypes - except for serotype 6 - present
a RU constituted of a linear tetrasaccharide composed of three linked L-rhamnose (A, B and
C) and an N-acetyl-D-glucosamine (D) residues, also called motif ABCD: [2>2)-a-L-Rhap-
(12>2)-a-L.-Rhap-(1->3)-a-L-Rhap-(1->3)-p-D-GlcpNAc-(1->] (Figure 5). All residues can be
site-selectively modified by the addition of an a-D-glucopyranosyl and/or O-acetyl groups
and/or phosphoethanolamine groups, as illustrated in Figure 7 (Allison and Verma 2000).

These specific modifications stand for the serotype differentiation.
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Figure 5: Illustration of the Gram negative bacteria membrane composition. From Chemical and
Engineering News, https://cen.acs.org/content/cen/articles/95/i11/Dual-therapy-first-weakens-kills.html.
Volume 95 Issue 11 | p. 5 | News of The Week. Issue Date: March 13, 2017 | Web Date: March 9, 2017.
The repeating unit of the lipopolysaccharide of Shigella flexneri is also represented schematically
(ABCDE).

The LPS biosynthesis is not fully understood yet. It can occur through two different pathways,
namely Wzy polymerase-dependent and ABC transporter-dependent pathways (Kalynych et
al. 2014). Each involve enzymatic cascades. In the Wzy pathway, the repeating O-unit is
assembled with dedicated glycosyltransferases in the cytoplasm from lipid-sugars anchored
donors. After transport by a flipase, elongation into a polysaccharide occurs in the periplasm
thanks to a membrane-bound ‘Wzy’ polymerase. Length is controlled by another enzyme,
‘WzZ'. It is then linked to the lipid A-core oligosaccharide component by a ligase before being
transported at the outer surface of the membrane using several transporters that act
sequentially.

The ABC transporter-dependent pathway begins by the full assembly of the polysaccharidic
part in the cytosol by specific glycosyltransferases, again using lipid-sugar anchored donors.
The fully-grown polysaccharide is then transported in the periplasm thanks to the ‘ABC’ ATP-
dependent transporter, and the mature O-antigen is linked to the lipid A-core oligosaccharide
thanks to a ligase. Finally, the same transporters than for the Wzy pathway transport the LPS

at the outer surface of the membrane.
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Specific glucosylation of the LPS of S. flexneri is initiated in the cytoplasm by conversion of
UDP-a-glucose into the lipid-sugar undecaprenyl-B-glucose (UndP-B-gic) by the GtrB enzyme.
UndP-B-glc is then transported into the periplasm by the GtrA enzyme and a Gtr(type)
glycosyltransferase (one type for each glucosylation position on the LPS) will transfer the
glucose from UndP-B-glc onto the LPS which will therefore become serotype-specific. Most
Gtr(type), in particular the ones involved in the specific glucosylation of prevalent serotypes 1b

and 3a remain unknown (Figure 6) (Knirel et al. 2015).

+LPS

GtrB
UDP-a-glucose ——> Undecaprenyl-B-glucose UndP-B-glucose Serotype-specific LPS

Gtrl
Gtrll
GtrivV
GtrV
GtrVil
GtrxX

Transport

Gtr(type)=

Cytoplasm Periplasm

Figure 6: S. flexneri enzymatic machinery involved in the specific glucosylation of the LPS

Briefly, the repeating unit of S. dysenteriae 1 differs from S. flexneri by the substitution of the
rhamnosyl C residue by a D-galactose unit, similarly to S. flexneri serotype 6. Finally, the
repeating unit of S. sonnei, differs entirely as it is constituted of N-acetyl-L-fucosamine
branched with amino and acetamido groups linked to a 2-amino-2-deoxy-L-altruronic acid
(AltUA) bearing an amino group (Figure 7).
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Figure 7: lllustration of the O-antigen structures of main Shigella flexneri strains as well as Shigella

dysenteriae 1 and S. sonnei for comparison. Adapted from (Levine et al. 2007)

Subserotypes presented in brackets (e.g. S. flexneri 1c (7a)) are from the newly simplified nomenclature
proposed in (Shahnaij et al. 2018). Some O-antigen structures of variants are not represented (see
(Knirel et al. 2015): 1as, 2az, 2b1, 3a1, 5a1, X1, Y1, Yz, Yvi, 6V (6b), 7a1, and the O-antigen structure from

provisional serotype 4s (Z) (Qiu et al. 2011) is not yet characterized.
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Vaccine strategies to fight shigellosis

The World Health Organization published recommendations concerning the development of
target vaccine candidates against Shigella, and to ensure broad coverage against the
shigellosis-causing bacteria, a multi-serotype approach is one of the preconized strategies,
whether based on the use of a live attenuated strain or synthetic glycoconjugates. Vaccine
strategies for the fight against shigellosis to date have been recently reviewed (Barel and
Mulard 2019). Nowadays, the most commonly used vaccination method is based on the use
of live-attenuated bacterial strains. Inactivation of the bacteria can be performed by removing
the bacterial virulence factors, preventing it to infect the host or to produce toxins (Plotkin 2005;
Levine et al. 2007).

The first vaccine candidate to protect against shigellosis was developed in 1971 (SmD Shigella
vaccine, (Mel et al. 1971)). However, it was shown that the choice of the parent strain in live
oral vaccines had a tremendous impact on the ability of the formulation to trigger a sufficient
immune response. Later, a same mutation (aroD) performed in two different strains led to two
vaccine candidates: SFL124, (Li et al. 1993) and SFL1070 (Karnell et al. 1995) with different
toxicity attenuation. But the lack of reproducibility led to the investigation of other attenuating
mutations. For example, deletion of the genes encoding enterotoxins ShET1 and ShET2 of
Shigella allowed to develop live oral vaccine candidates (vaccines CVD 1204 and 1208,
(Kotloff et al. 2004)) which were evaluated in a phase | clinical trial. Finally, the Center for
Vaccine Development of the University of Maryland (CVD) has carried out several clinical trials
of live oral vaccine candidates targeting prevalent S. flexneri 2a serotype (Kotloff et al. 1996,
2000). In addition, this research team also proposed a design for a pentavalent live oral vaccine
which should provide protection against at least S. dysenteriae 1, S. sonnei and three
serotypes of S. flexneri: Sf2a, Sfé (6a) and Sf3a. The rationale of the devised CVD vaccine
relies on the fact that S. flexneri O-antigens representative of Sf2a and Sf3a cross-react with
a total of 10 other (sub)serotypes, and elicited a broad immune response in a guinea pig
(Noriega et al. 1999; Levine et al. 2007). In the meantime, serotype 6 is characterized by a
different repeating unit containing a D-galactose residue and an N-acetyl-D-galactosamine
residue in place of L-rhamnose and N-acetyl-D-glucosamine residues, close to the antigenic
repeat of S. dysenteriae (Figure 7). To develop a vaccine enabling broad protection, Sf6 should
thus be considered as it does not cross-react with other O-antigen epitopes. Adding S.
dysenteriae and S. sonnei to the formulation would thus bring protection against the major
shigellosis-causing bacteria (Levine et al. 2007).

However in case of shigellosis, the use of live-attenuated strains has proven costly and has
been hampered by inconsistent batch-to-batch reproducibility. Extracting only the LPS part
from the strain was attempted, but the use of full-size LPS is not possible owing to the toxicity

of the molecule, in particular the lipid part, making the LPS detoxification step mandatory (Barel
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and Mulard 2019). However, the detoxified LPS, having a low molecular weight, lacks
immunogenicity (Polotsky et al. 1994).

Thus, an alternative lies in the use of glycoconjugate vaccines (Phalipon et al. 2006) containing
(i) the antigenic moieties (O-Ag), which offers a better control on the process with no risk of
microbial contaminations compared to the use of live-attenuated strains, coupled to (ii) a carrier
protein that allows to develop a T-cell dependent, long-term immune memory thanks to its high
molecular weight (Adamo 2017).

Moreover, multi-serotype glycoconjugate vaccines can be produced, made of various antigenic
oligosaccharides specific for different strains (Levine et al. 2007). The choice of the linker and
the carrier protein, as well as the degree of conjugation are other key determinants in the
design of this kind of glycoconjugate candidates (Berti and Adamo 2018; Micoli et al. 2018a),
but they will not be detailed here.

In most glycoconjugate vaccines currently released on the market, reviewed in (Micoli et al.
2018b), the oligosaccharide components are derived from polysaccharides extracted from the
corresponding pathogenic strains, leading to a polydisperse formulation. One existing example
is MenHibrix® (GSK), a glycoconjugate vaccine widely used and protecting against 2
serotypes of Neisseria meningitides, and Hemophilus influenza type b (McCarthy et al. 2018),
responsible for meningitis, and various infectious diseases, respectively. Thus, as the O-
antigen of Shigella spp. was shown to be a key component for protection against the bacteria
(Levine et al. 2007), their use in vaccine strategies have been considered. Therefore a
parenteral (i.e. injection into a muscle or subcutaneous tissue as opposed to oral or nasal
routes) conjugate against Sf2a obtained from detoxified LPS extracted from the strain coupled
to a carrier protein was investigated and the corresponding vaccine candidate (pmLPS-rEPA)

was evaluated in a phase Il trial in Israel (Cohen et al. 1996).

However, in the latest generation of glycoconjugate vaccines, the O-Ag part tend to become
fully synthetic instead of extracted from natural strains, as it offers a better product
characterization with chemically defined O-Ag and a control of the oligosaccharide size,
allowing to better understand and control the immune response (Adamo 2017). The first
synthetic glycoconjugate vaccine (Quimi-Hib) was against Hemophilus influenza type b and
was approved in Cuba in 2004, with 34 million doses were distributed in several countries since
then (Adamo 2017). This vaccine strategy using synthetic O-Ag is considered as very
promising for the fight against Shigella spp (Chen and Kotloff 2016). It is important to keep in
mind that a vaccine targeting Shigella spp. should remain a low-cost solution for developing
countries (Phalipon et al. 2006). Fortunately, chemical synthesis of carbohydrates has become
more economically attractive at the industrial scale with the advent of relevant technologies
such as solid-phase synthesis, automated synthesis and one-pot reactions (see part I). Current
investigations for the development of glycoconjugate vaccines, thoroughly reviewed in (Micoli

et al. 2018b), use mostly chemical approaches for the synthesis of the oligosaccharide
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component. However, chemo-enzymatic strategies can also be envisioned, as they can offer
promising prospects for efficient and convergent synthetic routes, as already discussed earlier
in this introduction (see part I). In that respect, the group of Chemistry of Biomolecules led by
Laurence Mulard at Pasteur Institute initiated a collaboration with our team at TBI — INSA
Toulouse almost 15 years ago with the goal of developing relevant chemo-enzymatic pathways
for the synthesis of antigenic oligosaccharides that could enter the composition of
glycoconjugate vaccine candidates against the most prevalent serotypes of S. flexneri (2a, 3a,
1b). This work was done within the frame of three successive research projects funded by the
ANR, namely OptiGluc (2005-2008), GlucoDesign (2009-2012) and more recently CarbUniVax
(2015-2019) in which is integrated the current PhD work.

Highlights on the prior work done within the frame of TBI-Pasteur Institute
collaboration

One of the main roadblock when considering a fully chemical synthesis of the Shigella
antigenic oligosaccharide resides in the regioselective 1,2-cis glucosylation of the L-rhamnosyl
or N-acetyl-D-glucosaminyl residues. Despite notable improvements in chemical glucosylation
(described in (Salamone et al. 2015a)), there are still drawbacks such as i) the obtention of
racemic a/f3 stereoisomer mixtures, ii) the increasing donor structural complexity and iii) the
tedious manipulation of protecting groups that lead to case-to-case consideration for each
serotype-specific glucosylation pattern.

These difficulties were encountered when the Pasteur Institute developed for the first time a
fully chemical pathway for the synthesis of Sf2a representative pentadecasaccharide (van der
Put et al. 2016), mimicking the natural antigen and shown to be the minimal unit that elicits an
immune response in mice (Phalipon et al. 2009). This latter was then coupled to a carrier
protein (tetanus toxoid) and the corresponding vaccine candidate SF2a-TT15 was further
evaluated in a phase | study (Cohen et al. 2017).

In parallel, novel chemo-enzymatic strategies to access Sf2a, Sfla/lb haptens were explored
to circumvent some of the chemical limitations, and above all this glucosylation step. These
methods involved an early-stage enzymatic a-D-glucosylation of building blocks that can be
mono or disaccharides (mimicking the S. flexneri backbone repeat) carefully designed with
light protecting groups compatible with enzyme active sites as well as subsequent steps of
chemical assembly and elongation (Figure 8). Indeed, upon glucosylation step, these building
blocks have to be chemically converted into pentasaccharides, themselves further elongated
into a full pentadecasaccharide hapten after manipulation of the protecting groups (e.g.

deacetylation...).

As previously presented, in vivo, the enzymatic machinery from Shigella involved in the LPS

biosynthesis are membrane-bound glycosyltransferases acting in cascade which use the
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poorly available lipid-sugar donor Und-B-glc as substrate (Allison and Verma 2000). Their
biochemical characterization is extremely limited as these enzymes are difficult to isolate and
no crystallographic structure is available, thus limiting rational engineering efforts that would
be necessary to adapt these enzymes to an exogenous protected acceptor. Moreover, no other
carbohydrate-active enzyme has been reported so far in literature as being able to catalyze
the transfer of a glucosyl moiety onto the LPS of S. flexneri. The utilization of UDP-glucose
dependent glycosyltransferases (UGT or GT) would require the use of expensive nucleotide-
sugar UDP-glucose as substrate, not suitable for the development of a low cost process which
is a pre-requisite. Finally, lack of knowledge on glycoside phosphorylases is also an
impediment that prevented their use.

Consequently, alternative enzyme candidates have to be identified or engineered. Our team
at TBI is a specialist of a- retaining a-transglucosylases that use readily-available and cheap
sucrose as glucosyl donor. These enzymes, which belong to the family 13 and 70 of Glycoside-
Hydrolases, have also the advantage of displaying a tremendous promiscuity toward a wide
range of exogenous acceptor substrates (lipids, flavonoids, carbohydrates, polyols, ...) thanks
to their peculiar three-dimensional structure and very exposed active site (Daudé et al. 2014;
Malbert et al. 2018). These enzymes, presented in part Il of this bibliography survey, could
thus be of utmost interest to attempt regioselective glucosylation of more complex molecules,
such as the lightly-protected different building blocks developed in the three successive ANR
projects.

During the OptiGluc project (2005-2008), the first strategy envisioned was to glucosylate
rhamnose and/or N-acetyl-D-glucosamine building blocks at relevant positions (4o, 3a, 4a),
representative of S. flexneri serotypes 1b, 3a, 2a, respectively (Champion et al. 2009b) using
the collection of a-transglucosylases available at TBI or engineered on purpose (Figure 8).
Briefly, the GH13 amylosucrase from Neisseria polysaccharea (NpAS), the GH70
dextransucrase-S; (DSR-S;) and the GH70 alternansucrase (ASR) were shown to glucosylate
the L-rhamnose with a conversion of 6.5%, 10% and 6%, respectively, using sucrose as
glucosyl donor substrate. In addition to the synthesis of high molecular weight polymers of
glucose, the natural reaction catalyzed by these enzymes, they also produced the a-D-
glucopyranosyl-(1—1)-B-L-rhamnopyranoside, which is not representative of any S. flexneri
serotype. To prevent glucosylation at the anomeric position of the L-rhamnose, the methyl L-
rhamnose (a-L-RhapOMe), carrying a blocked protecting group at C1 was further evaluated.
Novel mono-glucosylated products were thus obtained using for instance the ASR that yielded
17% of acceptor conversion, forming a—-D-Glcp-(1—3)-a-L-RhapOMe and a-D-Glcp-(1—4)-a-
L-RhapOMe, both products of interest as being representative of S. flexneri serotypes 3a, 5a,
and 2a, respectively.

The potential of the chemo-enzymatic approach was further exemplified with the glucosylation
of N-acetyl-D-glucosamine, achieved in high yield using DSR-S; (64%) while NpAS achieved

6% conversion. Two products were formed and further characterized as being the a-D-
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glucopyranosyl-(1—4)-N-acetyl-D-glucosamine and the a-D-glucopyranosyl-(1—6)-N-acetyl-D-
glucosamine, both relevant as being representative of S. flexneri serotypes la/lb and 4a/4b,

respectively.

To further improve these conversion yields and extend further the range of accessible
glucosylated products from a-L-RhapOMe and D-GIcpNAc, a (semi-)rational engineering
strategy was applied to NpAS, the sole a-transglucosylase of GH13/GH70 families of known
three-dimensional structure at the time of the study (Champion et al. 2009a, 2009b). A focused
library of 133 single mutants was constructed targeting 7 residues of the +1 acceptor subsite
in the active site located on flexible loops and identified from docking studies. Upon screening,
a mutant 1228Y revealed a new specificity towards a-L-RhapOMe, with remarkable 44%
conversion, and forming the a-D-Glcp-(1—3)-a-L.-RhapOMe product. On the same note,
mutants F290D and F290K showed a high conversion of D-GlcpNAc leading to the formation
of more than 90% of a-D-Glcp-(1—4)-a-D-GlcpNAc. Mutant F290K was further evaluated in the
presence of a lightly protected monosaccharide carrying an O-allyl group at the anomeric
position, (a-D-GIcpNAc-O-All). A conversion of 78% of this latter was found, leading to the
formation of a-D-Glcp-(1—4)-a-D-GlcpNAc-OAll, but lost some of its catalytic efficiency.

To explore further the combinatorial effect of these mutations, a mutant library was constructed
by pairwise combinations of mutations on vicinal residues (1228, F229, A289 and F290)
(Champion et al. 2012). Such mutations occurring simultaneously on tandem residues are
quite rare in Nature but could be of particular interest for the accommodation of non-natural
acceptor molecules. The library screening yielded three mutants, A289P-F290L, A289P-
F290C and A289P-F290I that were shown to glucosylate monosaccharide D-GlcpNAc with a
100% yield. When using monosaccharide a-D-GIcpNAc-O-All, the conversion reached up to
60% product yield. In overall, the catalytic efficiency was improved by 100-350 fold compared
to that of F290K and the initial velocity transglucosylation was increased by up to 10 fold.
These studies were the first reports of enzyme engineering strategies applied to the
development of transglycosylases endowed with novel or improved substrate specificity for the

synthesis of lightly protected carbohydrate precursors.
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Glucosylation targets to access S. flexneri prevalent serotypes
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Figure 8: Summary of the previous ANR-funded projects OptiGluc and GlucoDesign. A timeframe
is represented on the right. The represented acceptor molecules are either common monosaccharides
(A, B, C: rhamnose and D: N-acetyl-D-glucosamine) or chemically modified mono, di, or
tetrasaccharide(s) (A’: methyl-rhamnose, D’: N-trichloroacetyl-D-glucosamine, A” and B”: rhamnosyl
trichloroacetimidate intermediate, CD’: a-L-Rhap-(1—3)-2-deoxy-2-trichloroacetamido-f-D-Glcp-OAll,
D'A’: 2-deoxy-2-trichloroacetamido-3-D-Glcp-(1—2)-a-L-Rhap-OAll.. The chemical nature of each
saccharide is shown in Table 1. Glucosylation was achieved using different enzymes or their variants
which are listed in the light yellow frame and also available in Table 1.

Based on these promising results, the aim of the GlucoDesign project (2009-2012) was to
develop enzymes able to glucosylate several disaccharides constitutive of the Sf backbone
repeating unit. The objective was then to integrate the enzymatic step at a later stage of the
synthesis and generate a library of modular glycobricks that could facilitate the assembly of
hapten oligosaccharides. The first disaccharide considered for the enzymatic glucosylation
was the a-L-Rhap-(1—3)-2-deoxy-2-trichloroacetamido-B-D-Glcp-OAll (named CD’). Among
these enzymes, a recently identified bifunctional enzyme called DSR-E, and its truncated form
AN123-GBD-CD2 (Bozonnet et al. 2002; Fabre et al. 2005) that belongs to the subfamily of
branching sucrases (see part Ill) was able to glucosylate successfully CD’. A collection of
native transglucosylases from the GH70 family was evaluated for the first time with non-natural

disaccharide acceptors (Salamone et al. 2015a).
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Table 1. List of the different mono-glucosylated molecules synthesized during the OptiGluc and
GlucoDesign projects. @Mono-glucosylated product yield is the molar ratio: [Glucosylated acceptor]tfina /
consumed sucrose]tfina X 100
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The native DSR-E vyielded 12% of acceptor conversion, while its truncated form, AN123-GBD-
CD2, was found to convert 44% of the acceptor. Upon reaction optimization, this yield was
increased to 94%, forming majorly a-D-Glcp-(1—4)-a-L.-Rhap-(1—3)-2-deoxy-2-
trichloroacetamido-B-D-Glcp-OAll (ECD’). The 4¢ glucosylation pattern being representative of
S. flexneri serotype 2a. Upon g-scale enzymatic production, the ECD’ trisaccharide block was
used as an acceptor with a chemically synthesized protected disaccharide block [AB] and the
3+2 assembly yielded a S. flexneri 2a pentasaccharide mimick, which was further elongated
high yield into a decasaccharide with (Salamone et al. 2015b) and then a pentadecasaccharide
(Salamone et al. 2015a). This chemo-enzymatic pathway offers an advantageous alternative
to the chemical route in terms of number of steps and overall yield to access Sf2a haptens,
currently being used in the vaccine candidate SF2a-TT15 developped the by Pasteur Institute.
Moreover, a second disaccharide was designed to target enzymatic glucosylation at position
3x and 4p, representative of serotypes Sf3a and Sfla/lb, the 2-deoxy-2-trichloroacetamido-[3-
D-Glcp-(1—2)-a-L-Rhap-OAll (called D’A’). As no native a-transglucosylase of the collection
was found able to glucosylate this molecule, a computer-aided engineering strategy was
undertaken to re-design the deep and buried active site of GH13 NpAS and adapt it to the
targeted product (Vergés et al. 2015). Using a combination of molecular docking and
computational protein design techniques, in silico mutations were explored at 23 selected
amino acid positions from the active site, leading to a set of 1515 sequences, selected on the
basis their affinity score and stability. At this stage, a combinatorial library of variants was
further designed, taking into account amino acid frequency and pairwise residue correlations
observed in the 1515 sequences. Upon screening of this library, a 7-mutation variant (R226L-
1228V-F290Y-E300V-V331T-G396S-T398V) was identified to yield in low amounts (2.2%) the
mono-glucosylated product ED’A’, having a glucosylation at position 4p, representative of
serotypes Sf 1a/lb. In spite of its low efficiency, this mutant is the first reported so far for this
catalytic reaction and could be considered as a potential starting point for further directed
evolution. Now that the context of this thesis, tightly related to the fight against shigellosis, was
presented, the sucrose active enzymes that were previously mentioned in part | and part Il,
and more particularly those of family GH70 that were studied during this project will be

reviewed in more details.
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PART IlI: The a-transglucosylases from GH70 family

Classification of sucrose-active a-transglucosylases

Enzymes listed in the CAZy database are responsible for degradation, modification or creation
of glycosidic bonds of various regio- and stereo-specificities (Lombard et al. 2014). They are
classified in five major classes, namely the GlycosylTransferases, Glycoside Hydrolases,
Polysaccharide Lyases, Carbohydrate Esterases and Auxiliary Activities, according to their
sequence homology and taking into account structural characteristics of their active site and
mechanistic features. This allows more accurate and reliable clustering of enzymes that could
otherwise not be related in Enzyme Commission (EC) classification, which relies mostly upon
substrate specificity and catalyzed reactions.

The sucrose-active a-transglucosylases are found in the so-called GH-H clan that gathers
evolutionary-related members of families 13, 70 and 77 of Glycoside Hydrolases. However,
most of the a-transglucosylases belong to the GH70 family, with the exception of
amylosucrases from GH13 family, a class of catalysts that mainly contains enzymes involved
in starch transformation. However, instead of degrading starch, amylosucrases use sucrose to
synthesize an amylose-like polymer.

The focus of this work has been set exclusively on sucrose-active transglucosylases from
GH70 family, described hereafter (EC 2.4.1, glycosyltransferase). As of June 2019, 620
sequences are listed in the GH70 family, for which only 66 enzymes are biochemically
characterized, and 7 crystallographic structures are available (CAZy database). Thus, 89% of
reported sequences are still putative a-transglucosylases, because these proteins are very
large enzymes (molecular weight ranging from 150 to 350 kDa), limiting the recombinant
expression in heterologous organisms such as in E. coli for a characterization at molecular
level. These enzymes are naturally produced by lactic acid bacteria, 97% of them by
Streptococcus, Lactobacillus, Leuconostoc, and Weissella species (Gangoiti et al. 2018b), and
a sole genomic sequence generally contain between 3 to 6 GH70 genes. Genus repartition of
GH70 is well reviewed in (Meng et al. 2016). Among the 66 characterized enzymes, 59 are so-
called glucansucrases (GS), 6 are glucanotransferases and only 1 is classified as being a

branching sucrase (BRS) (Figure 9).

Reactions catalyzed by GH70 enzymes

Unlike Leloir glycosyltransferases that use activated nucleotide-sugar as donor substrate to
catalyze reactions of glycosylation, glucansucrases and branching sucrases use the high
energy from sucrose (a-D-Glcp-(1,2)-B-D-Fruf) bond to catalyze the transfer of a glucosyl

moiety onto an acceptor molecule.
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Regarding glucansucrases, the first acceptor will be water or sucrose itself. Successively, the
transfer will occur onto glucose or growing gluco-oligosaccharide chains, and the main final
products will be polymers composed of glucosyl units linked through various types of a-osidic
linkages. In Nature, dextran contains >50% a1,6 linkages and branches linked by a1,2, a1,3
or a1,4 glucosidic bonds, reuteran contains around 50% of a1,4 (possibly more) and a1,6
linkages, alternan presents a clear alternation of a1,3 and a1,6 linkages,and finally mutan
presents >50% a1,3 linkages (Monsan et al. 2010). The fructosyl moiety of sucrose is released
as by-product, and small amounts of sucrose isomers can also be formed (less than 10% of
glucosyl units transferred onto fructose). The in vivo role of these a-glucans has not been
investigated in details yet. Through formation of biofilms, they could favor colonization of the
environment by their producing-bacteria thanks to adhesion properties (Brooker 1976). For
example, mutan is known to favor adherence of dental plaque forming bacteria at the surface
of teeth, such as Streptococcus mutans (Tamesada et al. 2004). These biofilms could also
have a protective role against environmental threats such as desiccation, cold temperatures

or attack by phages or other bacteria (Flemming and Wingender 2010).
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Figure 9: Overview of the products generated by the different subfamilies of the GH70 enzymes
according to their specificity, in presence of sole sucrose for glucansucrases, dextran and sucrose
for branching sucrases, amylose or maltooligosaccharide for glucanotransferases. Branching pattern
degree for glucanotransferases and branching ratio for branching sucrases may vary according to the
enzyme and the reaction conditions. Some representative three-dimensional structures are represented
for each subfamily: PDB ID: 5LFC (DSR-M, dextransucrase), 3TTQ (AN123-GBD-CD2, a1,2-branching
sucrase), 5JBD (GTFB, a4,6-glucanotransferase). The number of characterized enzymes listed in the
CAZy database as of March 2019 is indicated for each subfamily.
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The branching sucrases also use sucrose as glucosyl donor substrate but are not able to
produce polymers. In vivo, these enzymes catalyze the formation of glucosyl branches on a
linear dextran, with either a1,2 or a1,3 linkages, depending on their regiospecificity. The first
branching sucrase discovered —and to date the only one reported in the CAZy database- was
obtained by engineering a bifunctional dextransucrase named DSR-E (Bozonnet et al. 2002).
This DSR-E enzyme contains two catalytic domains, the first one (CD1) being involved in the
formation of a high molar mass dextran while the second one (CD2) is involved in branching
activity, i.e. the grafting of glucosyl units onto dextran chains with a1,2 osidic linkages (Fabre
et al. 2005). The two catalytic domains are bridged by a specific domain, nhamed domain V,
and shown for years to be involved in glucan binding (Glucan Binding Domain, GBD) (Wren et
al. 1991; Moulis et al. 2006b). The truncation of the parental enzyme into the GBD-CD2 form
led to an enzyme with no polymerase activity but displaying a branching activity only. Without
dextran added in the reaction medium, GBD-CD2 catalyzed almost exclusively sucrose
hydrolysis and formation of one sucrose isomer, leucrose. Since then, other branching
sucrases were discovered in the genomic sequences of Leuconostoc (Ln) species (Ln. citreum
for BRS-A, BRS-B and GBD-CD2, Ln. fallax for BRS-C, Ln. mesenteroides for BRS-E) as well
as in Lactobacillus kunkei (BRS-D, BRS-G (also named (GTF-Z)-CD2 in (Meng et al. 2018))
and Fructobacillus tropaeoli (BRS-F). Most of them are native enzymes possessing only one
catalytic domain (e.g. BRS-A, BRS-B, BRS-C, BRS-D, BRS-E, BRS-F) while some are
engineered from a bifunctional enzyme (e.g. BRS-G or GBD-CD2). All of them are present in

the in-house collection of TBland are listed in Table 2.

Finally, the a4,6 and 04,3 glucanotransferases are disproportionating enzymes that were
recently discovered and that do not use sucrose as substrate. They use starch or
maltooligosaccharide as donor substrates, cleave some a1-4 linkage at the non-reducing end
of a chain and transfer whole segments of glucosy! units at the non-reducing end of another
chain via the introduction of a1,6 or a1,3 osidic bounds depending on the enzyme specificity
(Gangoiti et al. 2016; Kralj et al. 2011).

The a-glucans produced by these different GH70 enzymes differ in their structure -due to the
variety of a1,2, a1,3, a1,4, and a1,6 linkages and the different branching patterns- and sizes,
enabling access to various characteristics (e.g. physico-chemical property, biological
activity...), of interest for food, feed, cosmetics or pharmaceutical industries (Gangoiti et al.
2018a). The characteristics of the products synthesized by these enzymes are summarized in
Table 2.
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Table 2. Characteristics of polymers synthesized (when available) by some characterized
glucansucrases and branching sucrases (completed from (Gangoiti et al. 2018b)). 2unpublished data,
bto be published, ¢ (GTF-Z)-CD2 is named BRS-G in this thesis. n.a.: not applicable (branching
sucrase). For branching sucrases, linkages correspond to linkages found in the branching product, when
linear dextran (100% a1,6 linkages) is used as an acceptor.

Leuconostoc citreum (Fabre et al.
DSR-E 5 10 81
NRRL B-1299 2005)
Leuconostoc citreum (Monchois et
DSR-A 15 85
NRRL B-1299 al. 1998a)
Leuconostoc citreum (Cété and
DSR-B 5 95
NRRL B-1299 Robyt 1982)
Leuconostoc citreum (Passerini et
DSR-DP 100 108
NRRL B-1299 al. 2015)
Leuconostoc citreum (Claverie et al.
DSR-M Al <1 99 108
NRRL B-1299 2017)
Leuconostoc citreum (Claverie et al.
DSR-M A5 <1 99 103
NRRL B-1299 2017)
Leuconostoc )
) DSR-S (Moulis et al.
mesenteroides 5 95 107
vardel A4N 2006a)
NRRL-B512F
Oenococcus (Vuillemin et
. DSR-OK 2 98 >10°
kitaharae DSM 17330 al. 2018)
Weissella cibaria (Kang et al.
DSR-WC 100
Dextran CcMU 2009)
Leuconostoc citreum (Fraga Vidal et
DSR-F 6 93 106
B/110-1-2 al. 2011)
Weissella confusa WCcE392- (Kajala et al.
3 97 107
VTT E-90392 rDSR 2015)
Lactobacillus reuteri GTF-180 & - (van Leeuwen
180 AN et al. 2008a)
(Hanada and
Streptococcus .
GTF-D 30 70 Kuramitsu
mutans GS5
1989)
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Leuconostoc citreum

(Passerini et

BRS-A 37 63 n.a.
NRRL B-1299 al. 2015)
Leuconostoc citreum (Vuillemin et
BRS-B Al 50 50 n.a.
NRRL B-742 al. 2016)
Leuconostoc fallax (Vuillemin et
BRS-C a35 265 n.a.
KCTC 3537 al. 2016)
Lactobacillus kunkei (Vuillemin et
BRS-D Al a35 265 n.a.
EFB6 al. 2016)
Leuconostoc citreum (Fabre et al.
GBD-CD2 33 67 n.a.
NRRL B-1299 2005)
Leuconostoc citreum AN123- (Brison et al.
Branched 33 67 n.a.
NRRL B-1299 GBD-CD2 2012)
Dextran
Leuconostoc
mesenteroides KFRI-  BRS-E A1 b23 b76 n.a. bSeverac et al.
MG
Fructobacillus Unpublished
] BRS-F a35 a65 n.a.
tropaeoli F214-1 data
. . (GTF-2)-
Lactobacillus kunkei (Meng et al.
CD2 40 60 n.a.
DSM 12361 2018)
(= BRS-G)°
Leuconostoc
) (Yanetal.
mesenteroides Gsy 14 23 63 n.a.
2018)
BD3749
Streptococcus (Fujiwara et al.
GTF-SI 100
mutans MT4251 1998)
Mutan Leuconostoc .
. (Coté and
mesenteroides NRRL DSR-I 50 50
Skory 2012)
B-1118
Leuconostoc
. (Joucla et al.
Alternan mesenteroides NRRL ASR 44 56 106
2006)
B-1355
Lactobacillus reuteri (van Leeuwen
GTF-A 58 42
121 et al. 2008b)
Reuteran ! : :
Lactobacillus reuteri (Kralj et al.
GTF-O 79 21
ATCC 55730 2005)

Mechanistic insights of the transglucosylation reaction

The sucrose-active a-transglucosylases follow the same double-displacement mechanism as
a-retaining glycosidases (Koshland 1953), which involve two catalytic residues, a general
acid/base (glutamic acid) and a nucleophile residue (aspartate) together with a transition state
stabilizer residue (aspartate). When the sucrose donor is in a favorable position for catalysis
(Vujicic-Zagar et al. 2010), a nucleophile attack of the anomeric C1 carbon of the glucosyl

moiety of sucrose is performed by the carboxyl oxygen of the nucleophile aspartate
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simultaneously to the protonation of the glycosidic oxygen by the acid/base glutamate. The a1-

2 linkage of sucrose is then cleaved to form a B-D-glucosyl-enzyme covalent intermediate,

while releasing the fructose moiety (Figure 10).
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Figure 10: Representation of the Koshland double-displacement mechanism for a-retaining
transglucosylases. First step (top) is the hydrolysis of the sucrose bond and second step (down) is the
transglycosylation of a hydroxylated acceptor molecule.

The subsequent deglycosylation step is then dependent on the nature of the acceptor
substrate. If the acceptor is water, hydrolysis of sucrose happens and free glucose is released
in the medium. Then, glucose can play the role of acceptor for a second glucosyl transfer, and
so on, growing gluco-oligosaccharides or a-glucan chains can be formed. However, the
transfer can also occur onto acceptor molecules present in addition to sucrose (whether the
natural acceptor, dextran in the case of branching sucrases; or exogenous hydroxylated
acceptor if recognized by the enzyme). The acceptor is activated by protonation of the
acid/base glutamate by the reactive hydroxyl of the acceptor, forming a covalent linkage
between the glucosyl moiety and the acceptor with retention of the anomeric configuration.
The glucosylated acceptor is then released in the medium. When several acceptors are
present in the medium, they compete with each other to form various products whose

distribution will depend on substrate affinities and reaction kinetics (Figure 11).
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Figure 11: Schematic representation of the different reactions catalyzed by glucansucrases and
branching sucrases.

General description of sequence, structure and dynamics features

The first three-dimensional structures of GH70 members were obtained within the last decade.
To date, 7 crystallographic structures are available (Table 3, Figure 12A): dextransucrase GTF-
180-AN (PDB ID: 3KLK, (Vujicic-Zagar et al. 2010)), mutansucrase GTF-SI (PDB ID: 3AIE, (Ito
et al. 2011)), branching sucrase ANi»;-GBD-CD2 (PDB ID: 3TTQ, (Brison et al. 2012)),
reuteransucrase GTF-A AN (PDB ID: 4AMC, (Pijning et al. 2012)). More recently, the structure
of the dextransucrase DSR-M A2 (PDB ID: 5LFC, (Claverie et al. 2017)) and the
alternansucrase ASR A2 (PDB ID: 6HVG, (Molina et al. 2019)) were determined in our group,
as well as the first structure of a glucanotransferase, GTF-B, by Dijkhuizen and colleagues
(PDB ID: 5JBD, (Bai et al. 2017)). Of note, there is no crystallographic structure of a full-length
GH70 enzyme so far. Available 3D-structures are derived from truncated enzymes, lacking

~200 to 900 residues in their N- and/or C-terminal extremities.

In the domain A, six amino acids are strictly conserved among members of the GH70 family in
the N-terminal region of the domain: i) the three amino acids defining the catalytic triad: the
nucleophile (aspartate in motif Il), the acid/base (glutamate in motif 11l) and the transition state
stabilizer (another aspartate in motif 1V) (Vujicic-Zagar et al. 2010); ii) two conserved aspartate
(in motif | and Il, respectively), and iii) an histidine (in motif IV) (Figure 14). Confirmation of the
residues forming the catalytic triad was first shown in 1997, by mutating the nucleophile, the
general acid/base or the transition state stabilizer residues and verifying their impact on activity
toward sucrose (Monchois et al. 1997). The overall three-dimensional structure of GH70
enzymes is a multi-domain arrangement organized in a U-shape (Figure 12B). As such, amino
71



acids close in their spatial localization might be very far apart on the protein primary structure.
Altogether, there are five structural domains named respectively A, B, C, IV and V. Only
domain C corresponds to a single polypeptide segment while domains A, B, IV and V have
entangled polypeptide segments at N- and C- terminal extremities. The catalytic domain A of
GH70 enzymes is organized as a (p/a)s barrel which is an alternation of eight 3-sheets (31-$8)
surrounded by eight a-helices (a1-a8). This domain comprises specific motifs, numbered
motifs | to VII (Figure 13).

Table 3. List of X-ray structures determined in the GH70 family. IM = isomaltose, IM3 = isomaltotriose,
IM4 = isomaltotetraose, IMM4 = 64-a-D-glucosyl-maltotetraose, M3 = maltotriose, M5 = maltopentaose

PDB Resolution

Enzyme . Ligands Ligand location Reference
ID (A)
3KLK 1.65 Apo
GTF-180- 4AYG 2.00 Apo (Vujicic-Zagar
AN 3HZ3 2.22 Sucrose (2) Domain A + B et al. 2010)
3KLL 2.00 Maltose (4) Domain A +B
3AIE 2.10 Apo
GTF-SI 3AIB 3.09 Maltose Domain A (Ito et al. 2011)
3AIC 3.11 a-acarbose Domain A
3TTQ 1.90 Apo
3TTO 3.30 Apo )
AN123-GBD- ) (Brison et al.
4TTU 2.18 a-glucose + IM Domain V
CD2 ) 2012, 2016)
4TVC 1.85 a-glucose + IM3 Domain V
ATVD 2.30 a-glucose + B-glucose (8) Domain A + V
(Pijning et al.
GTF-AAN | 4AMC 3.60 Apo
2012)
5LFC 3.20 Apo
5NGY 3.70 IM4 Domain V (Claverie et al.
DSR-M A2 )
508L 3.60 Sucrose Domain A 2017, 2019)
6HTV 3.90 IM4 Domain A
(Molina et al.
ASR A2 6HVG 2.80 Apo
2019)
5JBD 1.80 Apo )
GTF-B (Bai et al.
5JBE 2.10 maltose + IMM4 Domain A
ANAV ) 2017)
5JBF 2.19 maltose (2) + M3 + M5 Domain A +V

The overall three-dimensional structure of GH70 enzymes is a multi-domain arrangement
organized in a U-shape (Figure 12B). As such, amino acids close in their spatial localization
might be very far apart on the protein primary structure. Altogether, there are five structural
domains named respectively A, B, C, IV and V. Only domain C corresponds to a single
polypeptide segment while domains A, B, IV and V have entangled polypeptide segments at

N- and C- terminal extremities. The catalytic domain A of GH70 enzymes is organized as a
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(B/a)s barrel which is an alternation of eight B-sheets (B1-p8) surrounded by eight a-helices

(a1-a8). This domain comprises specific motifs, numbered motifs | to VII (Figure 13).

A
Dextransucrase Mutansucrase a4,6 glucansotransferase
GTF-180 GTF-SI GTF-A GTF-B
Dextransucrase Alternansucrase Branching sucrase
DSR-M ASR GBD-CD2
B -
« U-shape » folding
A 5 domains organization
1780 c Glucan Binding Domain (GBD)
- 2831
198
_ 2811 { ) ¥ Hinge between domainV
2811 /" ge between domain
—~ v domain A
& 2730 A T
| 2123 [ 2695 . s,.bm:., Essential for catalytic domain
AS(DT wid) formation
2172 B o527
3 pEYY V4
Catalytic domain
(2248) o i (B/a)g barrel
Acid/Base (A/B)
2424 - 2560 Architectural base
18 (unknown function)

Figure 12: Structural data available on GH70 enzymes.

A/ Crystallographic structures of the 7 GH70 enzymes solved to date, here represented in their apo form
(PDB ID and references are given in Table 2). Domains are colored as follow: domain V in red, domain
IV in yellow, domain B in green, domain A in blue and domain C in purple.

B/ Overall structural organization of the truncated branching sucrase AN123-GBD-CD2 (PDB ID 3TTQ)
in a characteristic multi-domain “U-shape”. Contrarily to other described structures, GBD-CD?2 lacks a
C-terminal domain V polypeptide. A view of the catalytic triad (nucleophile D2210, acid/base E2248 and

transition state stabilizer D2322) present in domain A and interacting with sucrose substrate is zoomed-
in.
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Figure 13: Topology diagram of GH70 enzymes. A/ Schematic representation of the structural
elements constituting the catalytic barrel of AN123-GBD-CD2 (PDB ID: 3TTQ). a-helices are represented
as cylinders (red for helices that are part of the (B/a/)s barrel, gold for helixes H1 and H2 and gray for
other helixes), B-sheets as arrows (blue for sheets that are part of the (3/a)s barrel, gray for other sheets),
and loops as continuous lines. The different domains are represented in circles. The specific motifs | to
VIl are indicated in transparent blue boxes and the catalytic residues are represented in green.

B/ Three dimensional fold adopted by the structural elements of the catalytic barrel of AN123-GBD-CD2
(PDB ID: 3TTQ). Helices a1- as, H1 and H2, and sheets 1- Bs are represented. At the edges of the
catalytic site, the antiparallel B-sheets (2291-2294 /I 2297-2301) and (2758-2766 // 2775-2783) and
additional helices are represented in gray. Catalytic residues are represented in green sticks.

Subsites -1, +1 and +2 were defined according to the nomenclature proposed by Davies and
colleagues (Davies et al. 1997) after the resolution of the structure of GTF-180-AN inactive
mutant D1025N in the presence of sucrose donor (PDB ID: 3HZ3) or maltose acceptor (PDB
ID: 3KLL) in the active site (Vujicic-Zagar et al. 2010). Subsite -1 fits the glucosyl moiety of
sucrose, while subsite +1 fits the fructosyl moiety. When fructose is released from sucrose
hydrolysis, subsite +1 and subsequent subsites +2, +3 etc. become available to fit an acceptor
(cf part “Mechanistic insights of transglucosylation reaction”).

The GTF-180-AN D1025N:sucrose complex showed that 7 conserved residues formed subsite
-1 interacting with the glucosyl moiety of sucrose: the acid/base E1063, the nucleophile D1025
(replaced with N in this mutant), the transition state stabilizer D1136 as well as H1135 (motif
V), R1023 (maotif 11), Q1509 (motif I) and Y1465 (domain A). The fructosyl moiety in subsite +1
interacts with less conserved residues from the catalytic site, notably E1063, W1065 (motif II),
N1029 (motif Il) and Q1140 (motif Ill). The same residues interact with sucrose in the structure
of DSR-M A2 in complex with sucrose (PDB ID: 508L) (Claverie et al. 2017). Residues upfront
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of the transition state stabilizer in motif IV (Figure 14), often conserved, are characteristic within
a same subfamily of GH70 sharing the same linkage specificity, even if they are not sole
responsible for the osidic linkages synthesized by the enzymes. For example, the triplet SEV
is mostly related to dextransucrases but is also found in mutansucrases, the triplet YDA is
characteristic of alternansucrase, and the triplet NNS is found in reuternansucrases. This triplet

is more variable in branching sucrases (Figure 14).

Motif II Motif III Motif IV Motif I
2296 22#3 23}7 ?B
GBD-CD2 SIPIIpFAVRIFIH ISLV| ITHAEDIKGVQEKVGA ApPpIV\YDN[e] Branching sucrase (al,2)
DSR-M S IPIIPFAVINVD IHIL FIRAREIISEVQTIIAK APJF\PD[s] Dextransucrase (al,6)
ASR GIIVBE\VBINVD LSIL FVRAPEWBIYDAQDPIRK ApBW\YPD[s] Alternansucrase (al,3/al,6)
GTF-180 GIIVRAVIINVD INIL FVRAEDISNAQDQIRQ APIW\YPD[s] Dextransucrase (ol,3/al,3)
GTF-A SVREIVPREAPBRINID INIL FVRAEDINNSQDQIQN ApJW\YPD[e] Reuteransucrase (al,4/al,6)
GTF-B GEFRIVPFNABIN I D LSYN FVTNEBIORKNLINRL EPINWMNGE Glucanotransferase (a4,6)
GTF-sT S IBIVREAVRINVD LSIL FIRAREPISEVQDLIRD APpJWYPD[s] Mutansucrase (al,3/al,6)
* * *

Motif V Motif VII Motif VI
2622

GBD-CD2
DSR-M
ASR
GTF-180
GTF-A
GTF-B
GTF-SI

Branching sucrase (ol,2)
Dextransucrase (al,6)
Alternansucrase (al,3/al,é)
Dextransucrase (al,3/al,3)
Reuteransucrase (al,4/al,6)
Glucanotransferase (a4,6)
Mutansucrase (al,3/al,6)

SHHECSS
SHEHHSH
DODwH®®n®n

Figure 14: Sequence of highly conserved motifs I-VIlI in the sequences of GH70 available
structures. Stars: catalytic residues. The alignment was created using ENDscript 2 (Robert and Gouet
2014). Residues numbers are numbered according to GBD-CD2 sequence.

The domain B is involved in the formation of domain A. It is generally formed of 5 to 6
antiparallel, highly-twisted B-sheets (5 in GBD-CD2) (Ito et al. 2011). Mutagenesis studies
targeting some of the loops (loops B1 and B2) in domain B of GTF180 showed its important
role in linkage specificity of this enzyme. For example the residue Leu940 when mutated into
a tryptophan, altered the formation of both a1,3 and a1,6 linkages towards the formation of
a1,6 linkages exclusively (Meng et al. 2014).

Domain C constitutes the architectural basis of the U-shaped enzyme and is the only domain
formed of a continuous polypeptide fragment. It is mainly composed of 3-sheets (10 in GBD-
CD2) and both its N- and C- terminal fragments are quite conserved in GH70 family. Its function
is still unknown but it was hypothesized that this domain could play a role in enzyme stability
(unpublished data, PhD thesis of (Molina 2019)).

The domain V, also called Glucan binding domain (GBD), outlines the extremities of the
enzymes. The capacity of glucan binding of this domain have been demonstrated in numerous
studies (Abo et al. 1991; Monchois et al. 1998b; Arguello-Morales et al. 2000). Recently, and
thanks to the first 3D structures obtained in complex with oligosaccharides mimicking the
natural products, sugar binding pockets and amino acids in interaction with glucosyl units of

isomaltooligosaccharides were identified in the domain V of the branching sucrase GBD-CD2,
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the dextransucrase DSR-M and the alternansucrase ASR (Brison et al. 2016; Claverie et al.
2017; Molina et al. 2019). They always involve a tyrosine as well as a lysine and a glutamine
residue, and if one of this amino acid is mutated into alanine —in one or several sugar pockets-
the resulting size of the polymer (or the degree of branching) is drastically reduced (Claverie
et al.,, 2017). Moreover, the structure of DSR-M and ASR clearly shows that there is a
conformation where the domain V points towards the active site (Claverie et al. 2017; Molina
et al. 2019). This further indicates that domain V could bind growing glucan chains and help
keep them close to the active site for a semi-processive elongation, as previously proposed
(Konishi et al. 1999; Monchois et al. 1998b, 1999; Moulis et al. 2006b; Osorio et al. 2019).

Domain IV, located between domain B and V, is unique to GH70 enzymes. Its exact function
remains unknown, but it was suggested that it could play the role of a hinge helping to bring
the flexible domain V close to domain A and moving it away as the dextran chain grows, easing
the elongation (Ito et al. 2011). Two conformations -with domain V close or further from the
active site- have been solved for the enzyme GTF-180-AN (PDB ID: 3KLK and 4AYG,
respectively). The enzyme behavior was also studied in solution by small-angle X-ray
scattering (SAXS), showing the flexibility of the domain V and the bend between domains IV
and V, thus supporting this hypothesis (Vujicic-Zagar et al. 2010; Pijning et al. 2014).

Figure 15: A large scale collective motion from bend normal mode (Figure from (Ben Imeddourene
et al. 2018)). View of the normal mode of GBD-CD2 corresponding to the bend mode. Black arrows are
directed towards the motion direction and their length is proportional to the amplitude of the movement.
The orange sphere shows the catalytic site.

This hinge effect was also confirmed by modelling studies. Recently, Ben Imeddourene et al.
performed long molecular dynamics simulations (1 ps) using the branching sucrase GBD-CD2,
showing the different motions the enzyme undergoes. In particular, correlated motions of the
domains A/C and V could be observed in the bend normal mode (Figure 15) and was indicative
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of the domain V moving towards domain A (Ben Imeddourene et al. 2018). Interestingly, the
domain B was proposed, for the first time, to act as a flexible structural hinge region between
domains A/C and IV/V.

Simulations showed that the domain V was the most flexible domain of the protein, which
correlated with crystallographic data obtained in previous studies and with other enzymes
(Pijning et al. 2014). Domain V was moving toward and away from the catalytic site, with a
motion centered on a region from residues 1956 to 2004 in domains IV and V (Figure 15). This
study also showed the flexibility of loops surrounding the active site, which could be related to
the acceptor promiscuity of the enzyme, and that sucrose binding stabilized some of these
loops (Ben Imeddourene et al. 2018).

Finally, and very recently, another study explored the enzyme-glucan interaction in the domain
V of the GTF-SI mutansucrase (Osorio et al. 2019). MD simulations performed with GTF-SI
(GTF) and GTF-SI deleted of the domain V (GTF-V) were compared. When domain V was
present, it was highly flexible and caused conformational changes in residues from domain IV,
B and A, although most residues involved in the catalysis remained unchanged. They
concluded that the presence of the domain V should not have an effect on the catalytic
parameters of the enzyme.

The authors also modelled a growing chain of glucan, trying to predict what could be the
binding mode in the active site and along the enzyme. They showed that the glucan chain
could be stabilized in domain V, the latter being responsible for orientation of the glucan chain,
and it also interacted with domains A, B, IV. No interactions between domains A, B and 1V and
the growing glucan chain were observed in GTF-V model, and it just protruded from domain B

(Figure 16), further indicating the importance of domain V in stabilization of the growing chain.
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Figure 16: Orientation of the growing glucan chain from domain V (from Osorio et al. 2019, Figures
4 and S3 in the publication). Models representing the enzyme-glucan complexes with a growing glucan
chain (n = 8, 13, 18 and 23, from left to right). The glucan chain from GTF-V model protrudes from
domain B without interacting with domains B and IV.
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Latest evolutionary evidences on GH70 enzymes

Based on structural information recently acquired, it has been proposed that GH70
glucansucrases derived from GH13 a-amylases by successive: i) insertion of the specific
domain 1V, ii) circular permutation of the (a/B)s barrel in the catalytic domain and insertion of
the domain V, and iii) loop changes around the active site. The evolutionary intermediates
would correspond to subfamilies GTF-B-like and GTF-C/D-like 4,6-a-glucanotransferases
(Gangoiti et al. 2016; Bai et al. 2017) (Figure 17). The successive steps of evolution from GH13
a-amylases to GH70 glucansucrase (which are present in oral-bacteria) are proposed to be
diet-driven, as humans shifted from essentially starch-based food to increased sucrose intake
(Bai et al. 2017). As such, the subsite -1 that fits the glucosyl moiety of sucrose was enclosed,

preventing longer donor chains to be used and restricting the donor to sucrose.
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Figure 17: X-ray structures and modelled structures of representative members of GH13 and
GH70 families, with their overall domain organization (Figure from (Gangoiti et al. 2018b)).

From left to right: crystal structure of a-amylase from Bacillus licheniformis (PDB ID: 1BLI; (Machius et
al. 1998)); GtfC-type 4,6-a-glucanotransferase from Exiguobacterium sibiricum 255-15 (homology
model, (Gangoiti et al. 2016)); crystal structure of GtfB-ANAV, the 4,6-a-glucanotransferase from
Lactobacillus reuteri 121 (PDB ID: 5JBD; (Bai et al. 2017)); crystal structure of Gtf180-AN, the
dextransucrase from Lactobacillus reuteri 180 (PDB ID: 3KLK; (Vujicic-Zagar et al. 2010)). The positions
of domains absent in the model or crystallized constructs are indicated in dotted lines. A schematic U-
shaped domain organization is shown next to each model/structure. This highlights the circular
permutation that led to a different order of the conserved motifs (lI-11l-IV-I instead of I-1I-11I-IV) in GH70
GtfB-like enzymes and GSs, but not in GH70 GtfC- and GtfD-like enzymes and GH13 a-amylases. Some
of the proposed evolutionary events related to domain organization and enzyme specificity are indicated.
In a-amylase-like enzymes, insertion of domain IV may have led to a GtfC/GtfD-type domain
organization; gene duplication events resulted in circular permutation of the catalytic domain; changes
in the loop arrangement around the active site then resulted in a shift of substrate specificity from starch
to sucrose (glucanotransferase to glucansucrase).

It is not yet known how exactly bifunctional dextransucrases (displaying two distinct catalytic
domains that catalyze both polymerase and branching sucrase activities) and branching
sucrases appeared in this evolutionary landscape. It was proposed that branching sucrases

emerged after separation of 4,6-a-glucanotransferases and glucansucrases (Meng et al.
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2016). Attempts to replace specific residues of branching sucrases for conversion into
polymerases have proven difficult. For example, the GBD-CD2 residues A2249, G2250 and
F2214 were replaced by GTF-180 equivalents, yielding mutants A2249W, G2250W, A2249D-
G2250W and F2214N. The resulting mutant enzymes did not gain any polymerase activity and
had a reduced hydrolytic activity on sucrose (Brison et al. 2012). However, mutations targeting
motif Il (7 amino acids substitutions), motif IV (5 amino acids substitutions), or both (12 amino
acids substitutions) (Figure 14), were introduced and corresponded to residues present in the
dextransucrase DSR-S. When one motif was changed, the resulting enzyme was found
inactive but the double-motif mutant although having a highly decreased hydrolytic activity,
formed a product which could be stained using Schiff coloration, sign that the product was
most likely a polymer (Fabre et al. 2005).

Recently, the dextransucrase “Gsy” from Ln. mesenteroides BD3749 presenting features of
both glucansucrases and branching sucrases was reported (Yan et al. 2018). It produced an
al,6 linked glucan polymer with a1,3 and a1,4 branches. This enzyme was proposed to be an
evolutionary intermediate between glucansucrases and branching sucrases. After sequence
alignment of the core motifs of Gsy with GS or BRS, specific residues not found in GS nor BRS
were identified (Gsy numbering): a tyrosine at position 592 in motif Il (asparagine in GS and
phenylalanine in BRS), a methionine at position 693 in motif IV (phenylalanine in GS and
isoleucine in BRS), an arginine at position 695 in motif IV (histidine in BRS) and an arginine at
position 699 in motif IV (serine in GS and lysine in BRS). It was proposed that these sites had
a critical role in specificity of the enzymes and that their change could lead to a conversion of

BRS into GS but this remains to be experimentally verified.

A quick look at structure-function relationships of the branching sucrase
GBD-CD2

Several studies aimed at investigating in detail the structure-function relationships of GH70
enzymes, in particular molecular determinants responsible for the activity, substrate binding,
product profile and size, or linkage specificity. To date, GBD-CD2 is the sole member of the
branching sucrase subfamily for which a 3D structure is available. As this subfamily of enzymes
was mainly targeted in this thesis work, more details about this enzyme will be briefly presented

hereafter.

The active site of GBD-CD?2 is constituted of a large open pocket that form a gorge (Brison et
al. 2012). By sequence alignments, residues R2208, D2210, E2248, H2321, D2322, Y2650,
and Q2694 were identified as equivalent to the conserved GTF180 residues that interact with
the glucosyl moiety of sucrose in this enzyme. More recently, Ben Imeddourene et al. identified

by modelling methods the main amino acids in interaction with sucrose, highlighting residues
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K2323, N2648 and F2136 (Figure 18) (Ben Imeddourene et al. 2018). Interestingly, residue
K2323 was found to interact with sucrose -as proposed by Brison et al. in 2012- but with the
glucosyl unit and not the fructosyl unit of sucrose, while F2136 formed a hydrophobic stacking

interaction.
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Figure 18: Main interactions between residues of the active site of GBD-CD2 and sucrose. Figure
from Ben Imeddourene et al. 2018.

Clearly, less residues interact with sucrose compared to GTF180, what could explain the
differences observed in sucrose affinity between GBD-CD2 and GTF-180, with GBD-CD2
having a 32-fold higher K.

Based on the 3D structure, several mutants of the branching sucrase GBD-CD2 were
constructed (see “Latest evolutionary evidences on GH70 enzymes” paragraph). Targeted
residues were non-conserved compared to GTF180: A2249, G2250, and F2214. In particular,
mutant F2214N lost its ability to branch dextran while the other mutants lost sucrose hydrolysis
activity (Brison et al. 2012). Three specific loops (D2292-12299, G2731-S2796 and R2157-
F2163) of the active site of GBD-CD2 were proposed as structural features responsible for
branching activity with a1,2 specificity, but the absence of crystallographic structures in

complex with acceptors bound in the active site prevents confirmation of this hypothesis.

Structure in complex with glucose molecules allowed identification of several binding sites
(Brison et al. 2016), notably in grooves expanding from subsite -1. Residues E2265, S2266
and E2270 from so-called binding sites A2 and A3 present in the active site, also conserved in
the a1,2 branching sucrase BRS-A (Passerini et al. 2015), were proposed as putative residues
responsible for the a1,2 specificity (Brison et al. 2016), but with no biochemical confirmation.
Rearrangement of loop 7 of the active site (H2319-S2369, connecting 7-sheet and a7-helix
(Figure 13), and containing H1-H2 subdomain) was observed when comparing structure in apo
form and in complex with isomaltotriose. This rearrangement opened a cleft in the active site
that could be responsible for accommodation of the acceptor in a conformation allowing a1,2

branching. However, complex with longer oligosaccharides would be required to confirm this
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hypothesis (Brison et al. 2016). Finally, this study also allowed the identification of the sugar

binding pockets of domain V, as previously described.

The study of structure-function relationships of GBD-CD2 did not yet allow to fully understand
what molecular determinants are responsible for the a1,2 specificity. However, they helped to
better understand the behavior of the enzyme toward its natural acceptor, and identify critical
residues in subsite acceptors. This allowed to guide a structure-based engineering of this
enzyme in a later study, notably for the glucosylation of flavonoids (see in below section,
(Malbert et al. 2018)). Comparison with other structures of a1,2 branching enzymes are still
necessary, as well as determination of three-dimensional crystallographic structures of a1,3

branching sucrases that could help to pinpoint residues responsible for their specificity.

Examples of engineered GH70 enzymes for glucodiversification

The use of engineered enzymes for bioactive oligosaccharide synthesis has already been
largely addressed in the first part of the bibliographic survey (see part I). We will thus focus in
this section on the use of engineered glucansucrases and branching sucrases of family GH70
to achieve glucodiversification of various molecules (hetero-oligosaccharides and gluco-
conjugates) (Table 4). The Table 4 briefly lists some of the exogenous molecules glucosylated
by native or engineered glucansucrases.

For instance, the DSRB742 dextransucrase was first evolved by X-ray mediated random
mutagenesis from wild-type DSRN, as this method was previously found to yield interesting
random mutants. The goal was to improve glucosylation of exogenous disaccharides, which
could be used as food sweeteners and stabilizers, prebiotics or immunity-promoting agents.
The generated enzyme DSRB742 contained 4 mutations. The same 4 mutations were also
introduced individually on the gene of the wild-type enzyme by site-directed mutagenesis,
generating mono-mutants DSRN1 to DSRN4. After evaluation of the 4 different mutants,
mutant DSRN3 (K395T) showed a ~2-fold improvement of its glucosylation rate toward
maltose, gentiobiose and salicilin glucosylation compared to the wild-type (Nam et al. 2008).
Similarly, GTF-180 AN mutated on positions Q1140, W1065 and N1029 allowed for change in
the product ratio when using lactose as an acceptor, generating hetero-oligosaccharide
mixtures called GL34 and containing 5 compounds (F1-F5) of DP3-DP4 (Pham et al. 2017,
2018), which could have prebiotic effects (Pham et al. 2019). These residues were identified
by studying the structure of GTF-180 in complex with maltose. Residue Q1140 is present at
subsite -1, W1065 perform hydrophobic stacking interaction with glucosyl units of maltose at
+1 and +2 subsites, and N1029 is involved in hydrogen bonds with maltose. The three residues
are in close proximity to acceptor subsites and could be involved more generally in interactions
with other acceptors like lactose. Therefore, 23 single mutants containing mutations at one of
these 3 positions were used (Meng et al. 2015, 2017). In particular, mutants Q1140W, Q1140N
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and N1029T showed a better production of some of the glucosylated lactose products (F2 and
F4, or F3, respectively) from around 1.5 to 2-fold better than wild type enzyme. Meanwhile,
N1029G and W1065M mutants synthesized new products, compared to the parental enzyme
(Pham et al. 2018).

Residue Q1140 from GTF-180 was also targeted in studies aiming at glucosylating stevioside
RebA, used as a sweetener, and the most promising results were obtained with mutant
Q1140E, for which a better conversion of RebA was observed by TLC compared to the wild-
type (Devlamynck et al. 2019). After optimizing reaction conditions, mutant Q1140E was able
to reach a conversion of almost 100%, producing glucosylated RebA that was further tested
for its organoleptic properties and had a good sweetness with less aftertaste than with aglycon
RebA. This study further pointed out the critical role of residue Q1140, close to the transition
state stabilizer D1136, for recognition of exogenous acceptor.

Other mutants of this enzyme were constructed with mutations targeting L938, L981 and
N1029 in order to glucosylate molecules of industrial interest. Residues L938 and L981 were
identified as being close to subsite +1 in the structure of GTF180 in complex with maltose
(Meng et al. 2015). Compared to the wild-type, mutant L981A had improved monoglucosylation
yields of catechol (~1.6-fold), resorcinol (~3-fold), hydroquinone (~7-fold), butanol (~9.8-fold),
hexanol (~4.8-fold) and octanol (~4.8-fold) (Devlamynck et al. 2016) .

Due to the recent discovery of the branching sucrase sub-family, mutants were mainly built for
structure-function relationship studies. The sole example found in the literature concerns the
engineering of GBD-CD2 for the glucosylation of a range of potentially antioxidant flavonoid
molecules (Malbert et al. 2018). A library of 22 mutants was constructed after analysis of the
structure docked with flavonoid molecules. Residues present in first and second shells of the
active site, in +1, +2 and +3 acceptor subsites, were targeted (W2135, F2136, F2163 and
L2166). Various flavonoid molecules (quercetin, luteolin, morin, naringenin, apigenin, and
chrysin) that shared a common backbone characteristic of flavonoids but with different
hydroxylation patterns were then tested in glucosylation assays. For each molecule,
glucosylation at different positions was observed depending on the mutants considered.
Apigenin and chrysin were poorly glucosylated and mutants could improve yield from only 2%
for the parental enzyme to 5%. More promising results were obtained for quercetin and
luoteolin, well glucosylated by several mutants, in particular W2135C-F21361 and W2135S-
F2136L for quercetin (from ~58% yield for the parental enzyme to ~90% vyield), and W2135C-
F21361 and W2135G for luteolin quercetin (from ~45% vyield for the parental enzyme to ~100%
yield). These mutants also produced new glucosylated forms of the molecules (QG3a and
LG3a respectively). Morin and naringenin glucosylation were also improved in particular with
mutants W2135G and W2135S-F2136L (from ~20% vyield for the parental enzyme to 66 and
60%, respectively), and they also allowed to access new glucosylated positions (MG2c and

NG2b, respectively).
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Table 4: List of some GH70 enzymes that were used in literature for the glucosylation of various
molecules. 2AN123-GBD-CD?2 is engineered from a bifunctional glucansucrase, wild type notation is
therefore not applicable. °For the library used in Malbert et al. 2018, best mutants were dependent on
the molecule used as acceptor.

Wild-type / Acceptor targeted -
Template enzyme : ' Applications Reference
Variant for glucosylation
Dextransucrase i . Food (additive),
wild type Quercetin ) (Moon et al. 2007)
from Lm B1299CB Cosmetics
) ) Food,
Dextransucrase ] Epigallocatechin )
Wild type Pharmaceutical, (Moon et al. 2006)
from Lm B1299CB gallate )
Cosmetics
Dextransucrase i ) Food,
wild type Puerarin . (Ko et al. 2012)
from LI EG001 Pharmaceutical
Dextransucrase i . Pharmaceutical,
wild type Ampelopsin ) (Woo et al. 2012)
from Lm B1299CB Cosmetics
Dextransucrase
from Lm B-512 wild type Gallic acid Cosmetics (Nam et al. 2017)
FMCM
GTF-180 wild type Lactose Food (prebiotics) (Pham et al. 2017)
Maltose, gentibiose, Food,
DSR-N K395T o ] (Nam et al. 2008)
salicilin Pharmaceutical
Q1140W, Q1140N, I
Lactose Prebiotics (Pham et al. 2018)
N1029G
o (Devlamynck et al.
Q1140E Steviosides Food (sweetener) 2019)
GTF-180
Catechol, resorcinol,
hydroquinone, ) (Devlamynck et al.
L981A Heavy industry

AN123-GBD-CD2

AN123-GBD-CD2

Parental enzyme?

W2135X-F2136X"
F2163X-L2166XP

butanol, hexanol,
octanol
a-L-Rhap-(1—3)-2-
deoxy-2-

trichloroacetamido-f3-

D-Glcp-OAll
Quercetin, luteolin,
morin, naringenin,

apigenin, chrysin

Pharmaceutical

Food (additive),

Cosmetics

2016)

(Salamone et al.
2015a)

(Malbert et al. 2018)

The number of studies describing the use of engineered glucansucrases and branching
sucrases for glucodiversification emerged only in the last few years but one can expect this
number to increase thanks to the glucosylation potential of these enzymes which use a cheap
substrate and hopefully to new members of this family that will be discovered as well as to the
better understanding of their mode of action.

Chapters Il and Ill of this thesis are additions to the existing literature and will describe the use
of engineered branching sucrases for generation of hetero-oligosaccharides, i.e. glucosylated

tetrasaccharides.
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CHAPTER I

Summary: This chapter presents the chemo-enzymatic strategy devised to access antigenic
oligosaccharides representative of Shigella flexneri serotypes, the chemical route developed
to produce a lightly protected tetrasaccharide ABC’D’ and the use of native branching

sucrases from the GH70 family for glucosylation of the tetrasaccharide target molecule.

Main achievements: The native branching sucrases were able to glucosylate the
tetrasaccharide, forming two distinct mono-glucosylated products (P1 and P2) as well as poly-
glucosylated products. The main mono-glucosylated product P1 was characterized and the

resulting pentasaccharide corresponded to Shigella flexneri serotypes 4a/4b.

Contributions to the work: The design and chemical synthesis of the tetrasaccharide was

done by our colleagues at Pasteur Institute (L. Mulard, G. le Héget and Z. Hu).

| was responsible for the production and purification of the enzymes, screening of their activity
on sucrose, set-up and optimization of the reaction conditions, development of the analytical

methods, scale-up of the reaction, and purification of the product of interest.

High resolution mass spectrometry for analysis of the reaction media was performed by H.
Barbier. Structural elucidation of the product P1 was performed by NMR by A. Ben

Imeddourene.
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A convergent chemoenzymatic strategy to deliver a diversity of Shigella
flexneri serotype-specific O-antigen segments from a unique lightly
protected tetrasaccharide core

Introduction

Shigella are Gram negative enteroinvasive bacteria frequently associated with diarrhoeal
disease. They are responsible for shigellosis, or bacillary dysentery, and represent a significant
cause of mortality and morbidity worldwide (Kotloff et al. 2018). Recent estimates emphasize
the importance of shigellosis burden in the pediatric populations living in low and middle
income countries (Liu et al. 2016; Platts-Mills et al. 2015), They also point to Shigella as being
the second leading cause of diarrhoeal mortality among all ages (Khalil et al. 2018). Disease
burden combined to increasing antibiotic-resistance call for a vaccine ensuring protection
against Shigella (Barry et al. 2013; Tagliabue and Rappuoli 2018), and in particular against the
numerous S. flexneri serotypes identified amongst the prevalent isolates found in Shigella
infection (Livio et al. 2014). Shigella lipopolysaccharides (LPSs), and in particular the O-
antigen (O-Ag) moieties, are prime targets for the host’s protective immunity against infection
(Cohen et al. 1991, 1988) and serum IgG antibodies to Shigella LPS have emerged as a
correlate of protection against shigellosis (Cohen et al. 2019). Over the past decades,
conjugates derived from Shigella surface polysaccharides have been extensively investigated
as parenteral vaccines (Barel and Mulard 2019). Synthetic carbohydrate conjugates
encompassing well-defined oligosaccharides acting as functional O-Ag mimics are actively
explored as an attractive option (Pozsgay et al. 1999; Phalipon et al. 2009; Said Hassane et
al. 2009; Bélot et al. 2005). Developed by L.A. Mulard and collaborators against S. flexneri
serotype 2a (Phalipon et al. 2009; van der Put et al. 2016; Bélot et al. 2005), the most advanced
vaccine candidate in this category — SF2a-TT15 — was found safe and immunogenic in young
naive adults in a phase I clinical trial (Cohen et al. 2017). To answer the need in the field (Livio
et al. 2014), investigation towards broadening S. flexneri serotype coverage is ongoing (Boutet
et al. 2016). For that purpose, synthetic routes for straightforward access to well-defined O-Ag
fragments are essential (Hu et al. 2017; Hargreaves et al. 2014; Chassagne et al. 2013;
Gauthier et al. 2014). However, the multiple S. flexneri types and subtypes identified so far
have revealed a tremendous O-Ag structural diversity built from a unique core (Knirel et al.
2015). Indeed, while most S. flexneri O-Ags share the same linear backbone composed of 1,2-
trans linked L-rhamnosyl (A, B, C) and N-acetyl-D-glucosamine (D) residues, the repeating
units of the different serotype-specific O-Ags differ by their a-D-glucosylation (E) pattern, as
well as by their O-acetyl and phosphoethanolamine substitutions (Figure 1). One main
synthetic roadblock resides in the regio- and stereo-specific control of the 1,2-cis glucosylation
step as concluded from the numerous oligosaccharides representative of S. flexneri O-Ag

glucosylation patterns that were synthesized chemically. Early attempts at the chemical
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grafting of the a-D-glucosyl residue on protected di-, tri-, and tetrasaccharide acceptors met
issues (Mulard et al. 2000; Wessel and Bundle 1985), resulting in poor yields of the a-linked
glucosylated products. As a general trend in subsequent work, the glucosyl residue was
introduced first to form a disaccharide building block featuring the branching point (Hargreaves
et al. 2014; Mulard et al. 2002; Boutet et al. 2008; Bélot et al. 2004).
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Figure 1: Top: The linear ABCD tetrasaccharide featuring the core of the O-Ag repeating units
characterizing all S. flexneri serotypes and subtypes, except S. flexneri type 6. Type-specific
substitutions include a-D-glucopyranosyl residue (E, blue), stoichiometric and/or non-stoichiometric O-
acetyl groups (Ac, purple) and phosphoethanolamine residue (PEtN, brown). Bottom left: ABC'D’, the
lightly protected ABCD-like tetrasaccharide showing the generic protection pattern. All hydroxyl groups
are identified as potential sites of enzymatic glucosylation with modification at 3a, 3g, 4c, 40 and 6o
featuring S. flexneri type-specific branching points. R"™ protecting groups. Bottom right: the CD’
disaccharide previously used as acceptor in the chemoenzymatic synthesis of a S. flexneri 2a 10mer
and 15mer oligosaccharides (Salamone et al. 2015a, 2015b).

The chemoenzymatic synthesis of complex oligosaccharides has found wide interest over the
past decades (Schmaltz et al. 2011; Crout and Vic 1998; Palcic 2011; Nycholat et al. 2013). In
recent years, the use of synthetic core intermediates and their modification upon action of a
range of glycosyltransferases has contributed to tremendous progress in the field. In this
context, achievement from the Boons’ group on the synthesis of libraries of asymmetrical multi-
antennary N-glycans based on a scaffold compatible with customized modifications (Wang et
al. 2013) has paved the way to novel developments. Obviously, the feasibility of protecting
group-controlled enzymatic glycosylation by use of partially protected acceptors represents a
powerful strategy to guide glycodiversification from a core precursor (Li et al. 2016; Gagarinov
et al. 2017, 2019). As part of this ongoing trend supporting innovation in the field of
chemoenzymatic synthesis, we have explored in recent years the potential of chemical

synthesis and site-selective enzymatic a-D-glucosylation working in synergy to access various
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S. flexneri serotype-specific carbohydrate precursors (Champion et al. 2009a; Urbach et al.
2014; Verges et al. 2015) as a way to overcome the poor a/3 stereoselectivity of the chemical
glucosylation process (Nigudkar and Demchenko 2015). In particular, the successful
chemoenzymatic synthesis of the 15mer oligosaccharide hapten involved in SF2a-TT15 from
a chemically synthesized disaccharide precursor (Salamone et al. 2015a). However and of
special concern, these elegant and promising strategies still required intensive chemistry
efforts as distinct synthetic routes have to be developed depending on the targeted S. flexneri

serotype.

With the aim of alleviating efforts and offering novel and easy-to-implement synthetic
alternatives, we came up with the idea of developing a highly divergent chemoenzymatic
strategy opening the way to a large panel of S. flexneri type-specific oligosaccharides. Taking
advantage of the unique structure of the ABCD tetrasaccharide defining the backbone
repeating unit of most S. flexneri O-Ags (Figure 1), the strategy is centered on the use of a
common non-natural ABCD-like tetrasaccharide precursor. The latter is designed to be
compatible with a site-selective enzymatic 1,2-cis glucosylation and subsequent chain
elongation, allowing to deliver a portfolio of well-defined modular building blocks that could
then be easily assembled into S. flexneri O-Ag mimics relevant for vaccine design.

Herein, we present the design and chemical synthesis of ABC’D’, an original lightly protected
ABCD-like tetrasaccharide (Figure 1), and its subsequent glucosylation using highly
promiscuous sucrose-active a-transglucosylases found in the Glycoside Hydrolase family 70
(Moulis et al. 2016). This unprecedented concept, which avoids the use of poorly accessible
glucosyl transferases, in particular those predicted to encompass multiple transmembrane
regions such as non-Leloir glucosyltransferases found in S. flexneri (Allison and Verma 2000),
and complex nucleotide- or polyprenol phosphate-activated donors, is exemplified in this study
to produce a pentasaccharide specific for S. flexneri serotypes 4a/4b. Extension of this
challenging albeit promising chemoenzymatic strategy in order to provide a large panel of type-
specific oligosaccharides representative of S. flexneri O-Ag diversity from one single synthetic

tetrasaccharide core is in progress.

Design and chemical synthesis of tetrasaccharide 12 (ABC’D’)

Built from the ABCD backbone repeating unit common to all except one S. flexneri O-Ags
identified to date, tetrasaccharide ABC’D’ was designed for compatibility with enzymatic a-D-
glucosylation at all possible naturally occurring glucosylation sites encountered on S. flexneri
O-Ags (Figure 1) and with inherent O-Ag O-acetylation in addition to feasibility of subsequent
chemical chain elongation of the products of enzymatic glucosylation at both ends. Biocatalyst
compatibility imposed minimal protection. On that basis, the selected ABC’D’ (tetrasaccharide

12) was synthesized as an allyl glycoside encompassing a 2p-trichloroacetamide (TCA) moiety
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to ensure anchimeric assistance during chain elongation and recovery of the 2p-acetamide
upon final Pd/C-mediated hydrodechlorination (Hu et al. 2017). This protecting group
combination was found appropriate to achieve the chemoenzymatic conversion of a CD’
disaccharide into a S. flexneri 2a 15mer hapten of vaccine interest (Salamone et al. 2015a).
Owing to the 2c-O-acetylation found in the O-Ag of some of the most prevalent S. flexneri
serotypes, for example S. flexneri 1b and 3a (Knirel et al. 2015), tetrasaccharide 12 also bears
a chloroacetyl group (CA) at position 2¢c. Advantageously, the CA moiety provides a direct
access to a 2c-acetate as demonstrated herein on the model trisaccharide (10) or more

commonly to a 2¢c-OH, as required.

Trisaccharide 9 features a BCD segment closely resembling the selected ABC’D’ acceptor.
Besides benzyl ethers at O-4¢, O-3g and O-4g, it bears all protecting groups making the
glucosyl acceptor 12 unique per se. It was synthesized from two easily accessible crystalline
precursors, the rhamnoside diol 1 (Boutet et al. 2008; Gigg et al. 1985), itself evolved into the
trichloroacetimidate 3 (Boutet and Mulard 2008), and the glucosaminide acceptor 7 (Guen et
al. 2017) (Scheme 1). Regioselective chloroacetylation at the axial 2-OH of diol 1 by means of
the acid-mediated opening of the orthoester formed by reaction with 2-chloro-1,1,1-
trimethoxyethane was high yielding (Boutet and Mulard 2008; Oscarson and Tedebark 1996).
Glycosylation of acceptor 2 with rhamnosyl donor 3 gave disaccharide 4, then converted to
trichloroacetimidate 6 by means of hemiacetal 5. TMSOTf-mediated glycosylation of acceptor
7 with donor 6 gave the fully protected trisaccharide 8 together with orthoester 11 (27%) as
evidenced from the signal typical of an orthoester quaternary carbon at 120.6 ppm in the *C
NMR spectrum of side-product 11.The engagement of chloroacetate in the formation of
intersaccharidic orthoesters is not without precedent (Flrstner et al. 2002), and has
occasionally been exploited to differentiate between ester protecting groups (Wang et al.
2009). It may be overcome by using harsher glycosylation conditions (Abronina et al. 2011).
Irrespective of this outcome, trisaccharide 8 was delevulinoylated into the target alcohol 9,
which was then converted to monoacetate 10 upon Pd/C concomitant debenzylation, allyl to
propyl reduction and hydrodechlorination of the TCA and CA moieties into the corresponding

acetamide and acetyl group, respectively.

Scheme 1: Synthesis of Trisaccharide 9 and Pd/C-mediated Hydrodechlorination Thereof to Give
BCD 10.1
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Having achieved the proof of concept supporting CA as a suitable precursor to either a 2¢-O-
acetyl or a 2¢c-hydroxyl group, we turned to the chemical synthesis of the targeted ABC’D’. A
highly convergent strategy was established, exploiting the utility of crystalline diol 16 as
precursor to rhamnoses A, B and C and the iterative use of donor 15 for the introduction of
rhamnoses B and A. It also ensured a minimal number of deprotection steps, using hydroxyl
masking groups orthogonal to allyl, TCA and CA (Scheme 2). A strategy still barely adopted in
oligosaccharide synthesis, although it has met some success for the synthesis of demanding
glycolipids bearing unsaturated lipid chains (Swarts and Guo 2010; Ding et al. 2017; Lee et al.
2016) and is the subject of increasing interest (Li and Liu 2014), was favored. It involves a
panel of protecting groups compatible with acid-mediated removal. Therein, the selected
combination entails a 4p,6p-O-benzylidene acetal, a 2-naphtylmethyl ether (Nap) (Li and Liu
2014) to mask the 4-OH of the three rhamnaosides and a triethylsilyl ether (TES) (Smith 1999)
for its ease of introduction at O-3 of diol 16. Tunable acid-sensitive ester protecting groups
recently developed (Li and Liu 2014) do not fulfill orthogonality criteria with the above selection.
Emphasis was therefore on convergence and the remaining hydroxyl group in donor 15 was
masked by means of a levulinoyl ester to ensure anchimeric assistance during glycosylation

and subsequent selective cleavage in the presence of the 2¢c-CA (Ho and Wong 1975).

Scheme 2. The Tetrasaccharide 12 Showing Key Intermediate and Building Blocks.
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Crystalline diol 16 was obtained in four steps from L-rhamnose according to a protocol adapted
from the well-established synthesis of diol 1 (Scheme 3). Regioselective silylation at OH-3 with
triethylsilyl chloride in the presence of diisopropylethylamine and subsequent levulinoylation at
OH-2 gave the fully protected allyl rhamnoside intermediate. Anomeric deallylation of the later
was best performed by means of conventional metal-catalysed allyl isomerisation and iodine-
mediated hydrolysis of the propen-1-yl intermediate in a buffered medium. By avoiding
intermediate purification, this three-step process was achieved in 80% overall yield to give
hemiacetal 17, the key intermediate to the crystalline trichloroacetimidate 15, then isolated with
an excellent yield. The established optimized conditions enabled the synthesis of donor 15 on
a 30 g scale. Alternatively, diol 16 was converted to the 2-CA acceptor 14 as described to
obtain the 4-O-benzyl analog 2. The crude acceptor, isolated as a 95:5 mixture of the 2-CA
and 3-CA regioisomers, was engaged in a TMSOTf-mediated glycosylation with donor 15 to
give the crystalline disaccharide 18. Hydrazine mediated-delevulinoylation unmasked the 2a-
OH to give the corresponding acceptor, which was directly engaged in glycosylation with donor
15 to avoid TES loss and achieve trisaccharide 19. The two-step deallylation process optimized
to obtain hemiacetal 17 was adapted to the later, albeit changing iodine for N-iodosuccinimide
to ensure mild hydrolysis conditions compatible with protecting group integrity. The resulting
hemiacetal 20 was evolved into the N-phenyl trifluoroacetimidate donor 21, which reacted with
an excess of glucosaminide acceptor 7 in toluene containing catalytic TBSOTf. To our
satisfaction, under these conditions, improved in comparison to those used for obtaining
trisaccharide 8, the reaction proceeded smoothly and no orthoester formation was observed.
Tetrasaccharide 13 was isolated in a very good yield and engaged in a two-step controlled
deprotection process. Conventional delevulinoylation unmasked the 2,-OH providing an
intermediate, which was not isolated. Instead, the obtained alcohol was treated in TFA/toluene
(9:1, v/v), under conditions inspired from the work of Liu et al,(Li and Liu 2014) to achieve the
concomitant chemoselective removal of the TES, Bzl and Nap protecting groups, albeit in a
modest 36% vyield over two steps post extensive RP-HPLC purification. In agreement with
previous reports (Lee et al. 2016; Li and Liu 2014), all protecting groups on residues A, B and
D’ were readily cleaved. In contrast, the isolated 4c-Nap ether was found more resistant to
these established conditions. Prolonged reaction time at room temperature were necessary to
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achieve full unmasking of the 4¢-OH, possibly at the extent of the rhamnosidic linkage integrity.
Indeed, to our knowledge this work exemplifies for the first time the applicability of TFA-
mediated acid treatment for the removal of multiple protecting groups, including an isolated
Nap ether, on a complex oligosaccharide, which contains several acid-sensitive glycosidic
linkages. As expected, the CA moiety survived these conditions. In contrast, it was found
sensitive to the original RP-HPLC/lyophilization conditions (MeCN/H-0), which resulted in the
repeated isolation of minute amounts of dechloroacetylated tetrasaccharide 22. Since the CA
ester had to comply with conditions most suitable for GH-mediated enzymatic glucosylation,
these observations encouraged further investigation on the range of pH compatible with
tetrasaccharide 12 integrity. A follow up of the kinetics at different pH revealed that an optimal
pH range between 4 to 5 (data not shown).

Scheme 3. Chemical Synthesis of the Tetrasaccharide 12.*
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(i) (MeO)sCCH:CI, PTSA, MeCN, (ii) 90% ag. TFA, quant. (14/14a: 19:1); () TBSOTf, 4A MS, PhMe, -
40 °C, 82%; (f) (i) NH2NH2.H20, Pyridine/AcOH 3:2, (ii) 15, TBSOTf, 4A MS, PhMe, -20 °C, 83%; (f) (i)
[Ir], THF, (i) NIS, THF/H20 5:1, 80%; (g) NPTFA-CI, K2COs, Acetone, 91%; (h) 7, TBSOTf, 4A MS,
PhMe, -40 °C, 84%; (i) (i) NH2NH2.H20, Pyridine/AcOH 3:2; (ii) TFA/PhMe 9:1, 36%.

Enzymatic glucosylation of tetrasaccharide 12 (ABC’D’)

Branching sucrases are GH70 enzymes produced by some strains of lactic acid bacteria that
use a cheap and abundant substrate, sucrose, to glucosylate hydroxylated molecules. (Fabre
et al. 2005; Passerini et al. 2015; Vuillemin et al. 2016). Naturally, they branch glucosyl
moieties via a-1,2 or a-1,3-linkages onto linear chains of a-1,6 linked glucosyl units called
dextrans. But these enzymes have also demonstrated a remarkable promiscuity toward
exogenous acceptors such as carbohydrates, flavonoids or polyols for instance (Daudé et al.
2014; Malbert et al. 2018), making them candidates of choice to attempt the glucosylation of
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tetrasaccharide 12. One of these enzymes, namely AN123-GBD-CD2, is that used for the
efficient glucosylation of the lightly protected CD’ (Figure 1) disaccharide acceptor to produce
a S. flexneri 2a oligosaccharide precursor. (Salamone et al. 2015a). Furthermore, the X-ray
structure of this branching sucrase revealed an exposed active site (Brison et al. 2012, 2016)
-much less buried than that of an amylosucrase from GH13 family used in our prior studies
(Champion et al. 2009a, 2012; Vergés et al. 2015)— and thus more compatible with larger
protected oligosaccharide accommodation. All these reasons prompted us to test a set of six
recently described sucrose-utilizing branching sucrases (Vuillemin et al. 2016) for
tetrasaccharide 12 glucosylation. Three of them (BRS-A, ANi23-GBD-CD2, BRS-D) branch
dextrans through a-1,2 osidic linkages whereas the three others (BRS-B A1, BRS-C, BRS-E)

add glucosyl units only via a-1,3 linkages.

After an optimization of reaction conditions (for which the procedure is presented in
Complementary Results of this chapter), the enzymes were screened using 1 M of sucrose as
glucosyl donor and 50 mM of tetrasaccharide 12 as acceptor, in 50 pL reaction volume at pH
5.1. This pH was chosen to be a compromise between enzyme activity (optimal pH at 5.75)
and acceptor stability, as tetrasaccharide 12 was shown to be more stable at pH between 4
and 5 (See Complementary Results of this chapter, Figure C3). HPAEC-PAD analyses
confirmed that sucrose depletion was quasi-total in all reactions (data not shown) after 16h of
reaction and RP-HPLC-UV-MS analyses revealed that all enzymes could transfer glucosyl
units issued from sucrose onto acceptor 12 (tr = 22.5 min). Two main products, called P1 (tr=
21.65 min) and P2 (tr = 21.9 min), were shown to have a molecular mass m/z of 1057.24,
corresponding to NH4* adducts of mono-glucosylated forms of tetrasaccharide 12 (Figure 2A).
All enzymes also produced several poly-glucosylated products containing up to 6 glucosyl units
as inferred from mass spectrometry analysis (Figure 3). HPLC-UV detection further indicates
that enzymes such as ANi23-GBD-CD2 and BRS-D are the more prone to synthesize longer

oligosaccharides.

Tetrasaccharide conversion was determined both from acceptor glucosylation (determined
from the peak area of the glucosylated products detected by RP-HPLC-UV-MS) or from
acceptor consumption (Table S1). In the first case, values ranging from 2.5 to 22.8 % were
obtained depending on the enzyme (Figure 3B). For the reactions performed with the a-1,3
branching sucrases (BRS-B Al, BRS-C and BRS-E), comparable conversion values were
calculated from acceptor 12 consumption. For the others, they were either close or higher than
those estimated from the product analysis. This is particularly marked for the reactions
catalyzed by BRS-D and AN123-GBD-CD2 and could be attributed to the higher amounts of
poly-glucosylated formed with these enzymes, which are difficult to quantify. However, BRS-E
and BRS-B Al clearly stand as the most efficient enzymes for the tetrasaccharide conversion,

between 2.3 and 9.3 times higher than those obtained with the other branching sucrases.
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Moreover, these two enzymes are much more specific for the synthesis of the mono-
glucosylated product P1 while the other enzymes are more versatile and produce both P1, P2

and poly-glucosylated products.
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Figure 2: A/ Chromatograms of the RP-HPLC-UV-MS analysis for the enzymatic glucosylation of
tetrasaccharide 12 by six selected GH70 branching sucrases after 16 h of reaction in presence of
sucrose (1 M) and tetrasaccharide 12 (50 mM) at pH 5.1. The region between 18.0 and 22.3 minutes
corresponding to the frame in dash line has been enlarged for clarity purpose. The initial time (to) is
indicated as reference. P1 (tr = 21.65 min), P2 (tr = 21.9 min) and poly-glucosylated products (tr = 20.6
/20.8/21.0/21.1/21.15/21.2/21.3/21.45 min) are products of the enzymatic glucosylation. A shift
in molecular mass by 162 Da, characteristic of monoglucosylation, was observed for P1 and P2. For
poly-glucosylated products, incremental shifts of 162 Da were observed up to a shift of 1008 Da
corresponding to 6 glucosyl units and reaching the sensitivity limit of the spectrometer. Tetrasaccharide
22 (tr = 22.5 min), the dechloroacetylated form of 12, was detected in the reaction mixture after 16 h of
reaction, albeit only in non-interfering small amounts (< 2%); m/z are indicated below each product. B/.
Tetrasaccharide 12 conversion by the six enzymes, calculated as the ratio between the total area of P1,
P2 and polyglucosylated products, and the area of tetrasaccharide 12 at the beginning of reaction. The
relative proportions of P1, P2 and polyglucosylated products are represented in bar charts. C/ Structure
of P1 characterized by NMR spectroscopy.
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To produce P1 at larger scale, a reaction in 1 mL volume was performed using a preparation
of purified BRS-B A1 and an optimized acceptor 12:sucrose ratio of 1:20 (carbohydrate total
dry mass = 386 ¢/L). In these conditions, the conversion rate of tetrasaccharide 12 into
pentasaccharide P1 was 31% (Figure S1). NMR characterization of P1 was based firstly on
the comparison of the HSQC spectra (Figure 3A and B) of tetrasaccharide 12 and
pentasaccharide P1 as glucosylation was anticipated to result in shifted resonances at the
glucosylated position and adjacent ones. Obviously, C-6p was shifted toward higher
frequency, from 61.78 ppm to 65.87 ppm, while the adjacent 5y carbon was shifted to lower
frequency, from 76.23 ppm to 74.51 ppm. In addition, the 'H and *C resonances
corresponding to the neighboring 4p position slightly shifted, by around 0.1 ppm each. All data
converged, revealing that glucosylation occurred on the D’ moiety of tetrasaccharide 12,
yielding the ABC’[Ea(1—6)]D’ pentasaccharide (Figures 2C, 3 and S3). Glucosylation at OH-
6o is representative of the repeating units corresponding to S. flexneri serotypes 4a and 4b O-
Ags (Perepelov et al., 2012) This finding demonstrates the potential of the devised synthetic
strategy, opening new routes for the glucodiversification of tetrasaccharide 12 to access
additional pentasaccharides representative of S. flexneri serotype-specific O-Ag repeating
units. Unfortunately, pentasaccharide P2 was produced in trace amounts, thus limiting its
further characterization. Nonetheless, this original contribution sets the ground-work for further
engineering of sucrose-utilizing branching sucrases to improve their catalytic performances
and product vyields, or expand their a-D-glucosylation regioselectivity, on the chemically

synthesized core ABC'D’ tetrasaccharide (12).
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Figure 3: A/ Superimposed 'H-13C HSQC spectra of: A/. the C2, C3, C4 and C5 resonances, and B/.
the anomeric region of pentasaccharide P1 (black) and tetrasaccharide 12 (red). C/. The *H-13C HMBC
illustrates the correlation between the E and D’ units of P1. All spectra were acquired at 950 MHz.
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Conclusion

The concept validation exemplified herein provides a novel access to a large diversity of S.
flexneri type-specific pentasaccharides from a simple non-natural lightly protected
tetrasaccharide scaffold (12), representative of the backbone repeating units of most S. flexneri
O-Ags. Designed for optimal manipulation compatible with chain elongation at both ends post-
enzymatic glucosylation, tetrasaccharide 12 was obtained in 13 chemical steps from two easily
available crystalline monosaccharides. Going beyond the synthesis of a panel of S. flexneri O-
Ag fragments representing multiple different Shigella serotypes, this attractive diverging
chemoenzymatic strategy offers new opportunities to provide libraries of complex microbial
oligosaccharides derived from a common core, albeit differing by their branching pattern,
whether in the form of glucosyl residues (Mann and Morenga 2015) or other substitutions.
Glycan diversity characterizing the cell surface of numerous microbial species, many of which
of vaccinal interest such as Shigella, calls for innovative ways toward expanding our arsenal
of structurally well-defined oligosaccharides to decipher critical biological phenomena or for
use in glycoarrays enabling improved diagnosis. Bacteria such as Salmonella enterica (Liu et
al. 2014) or Escherichia coli (Stenutz et al. 2006) and fungi such as Cryptococcus neoformans
(Cherniak and Sundstrom 1994) are other examples of families of pathogens featuring closely
resembling polysaccharide antigens differentiating types within species. While the proof-of-
concept is demonstrated herein for a small subset of available a-transglucosidases, impressive
developments in glycoenzyme engineering technologies, that enable the tailoring on purpose
of naturally available biocatalysts toward improved and/or novel substrate specificity for the
high yielding conversion of a non-natural substrate into the targeted product (Benkoulouche et

al. 2019) add to the exciting potential foreseen for the proposed approach.
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Supporting Materials & Methods

Chemical synthesis

General procedures. Nuclear magnetic resonance (NMR) spectra were recorded at 303 K on
a Bruker Avance spectrometer at 400 MHz (*H) and 100 MHz (*3C) equipped with a BBO probe
or at 298 K on a Bruker Avance spectrometer at 800 MHz (*H) and 200 MHz (**C) equipped
with a QCI CryoProbe®. Spectra were recorded in deuterated chloroform (CDCIs) or in
deuterated water (D20). Elucidations of chemical structures was based on *H, COSY, DEPT-
135, HSQC, decoupled HSQC, 3C, decoupled *C and HMBC experiments. Signals are
reported as m (multiplet), s (singlet), d (doublet), t (triplet), dd (doublet of doublet), g
(quadruplet), dt (doublet of triplet), dq (doublet of quadruplet), ddd (doublet of doublet of
doublet). Signals can also be described with a prefix b (broad). Coupling constants are reported
in hertz (Hz). Chemical shifts are reported in ppm (9) relative to the residual solvent peak.
Sugar residues are lettered according to the lettering of the repeating unit of the S. flexneri O-
Ag (A, B, C, D, E) and identified by a subscript in the listing of signal assignments. HRMS
spectra were recorded on a WATERS QTOF Micromass instrument in the positive-ion
electrospray ionization (ESI*) mode. Solutions were prepared using 1:1 MeCN/H-O containing
0.1% formic acid, 7:3 MeCN/ag. MeOH containing 10 mM CH3;COONH,. Analytical RP-HPLC
was performed using an Akzo Nobel Kromasil® column, Cig, 4.6 x 150 mm, 3.5 um, 100 A,
eluting at 1.0 mL.min"with MeCN in TFA 0.08% 0 to 40% for 20 min, 15 °C. Detection was by
UV at A =210, 230 or 254 nm, and ELSD.

Synthesis of trisaccharide 10

Allyl 4-O-benzyl-2-O-chloroacetyl-a-L-rhamnopyranoside (2). Diol 1 (1.07 g, 3.65 mmol)
was dissolved in anhyd. MeCN (750 mL) then 2-chloro-1,1,1-trimethoxyethane (1.0 mL, 7.42
mmol, 2.0 equiv.) and PTSA (170 mg, 0.89 mmol, 0.2 equiv.) were added. After stirring for 40
min at rt, a TLC control (Tol/EtOAc 8:2) showed the total conversion of the starting diol 1 (Rf
0.11) into a less polar product (Rf 0.80). 80% aq. AcOH (3 mL) was then added and the solution
was stirred for 25 min at rt. A TLC control (Toluene/EtOAc 8:2) showed the appearance of a
more polar product (Rf 0.53). The mixture was diluted with H,O (150 mL) then extracted with
EtOAc (300 mL). The organic phase was washed with H>O (100 mL) and brine (150 mL) then
dried over anhyd. Na>SO4 and concentrated to dryness to give alcohol 2 as a colorless oil.
Acceptor 2 had *H NMR (CDClz) 67.41-7.26 (m, 5H, Ha), 5.89 (m, 1H, CH=CH,), 5.30 (m, 1H,
Jirans = 17.3 Hz, Jgem = 1.6 Hz, CH=CHy), 5.24-5.21 (m, 2H, H-2, CH=CH), 4.82 (d, 1H, J12 =

1.2 Hz, H-1), 4.81 (d, 1H, Hen), 4.75 (d, 1H, J = 11.0 Hz, Hey), 4.20-4.15 (m, 4H, Hai, H-3,
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CH2CI), 4.00 (m, 1H, Hai), 3.80 (dq, 1H, H-5), 3.37 (pt, J3s4 = Jas = 9.4 Hz, H-4), 2.05 (d, 1H,
Json = 4.4 Hz, OH), 1.38 (d, 3H, Js6 = 6.3 Hz, H-6). *C NMR (CDCls) 6§ 167.1 (COciac), 138.1
(Civar), 133.3 (CH=CHy), 128.7, 128.0, 127.9 (3C, Ca), 117.7 (CH=CH,), 96.1 (C-1, Jcn =
171.0 Hz), 81.5 (C-4), 75.3 (Can), 74.4 (C-2), 70.1 (C-3), 68.2 (Can), 67.6 (C-5), 40.8 (CH.ClI),
18.0 (C-6). HRMS (ESI*): m/z 393.1069 (calcd for C1sH23CIOsNa [M+Na]* m/z 393.1081)

Allyl 3,4-di-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1—3)-4-O-benzyl-2-O-
chloroacetyl-a-L-rhamnopyranoside (4). The crude material from above was taken into
anhyd. Et,O (20 mL) and donor 3 (2.64 g, 4.51 mmol, 1.3 equiv.) was added. The suspension
was stirred at rt for 25 min then cooled down to -15 °C and TMSOTf was added (40 pL, 0.22
mmol, 0.06 equiv.). After stirring for 25 min at this temperature, a TLC control (Toluene/EtOAc
8:2) showed the total conversion of the intermediate alcohol 2 (Rf 0.38) and the presence of a
less polar product (Rf 0.45). The mixture was neutralized by addition of EtsN, and the
suspension was filtered over a pad of Celite®. Volatiles were removed under reduced pressure
and the residue was purified by flash chromatography (Cyclohexane/Acetone 9:1 to 0:1) to
give disaccharide 4 (2.63 g, 91%) as a colorless oil. The coupling product had *H NMR (CDCls)
07.38-7.25 (m, 15H, Har), 5.88 (m, 1H, CH=CH>), 5.41 (dd, 1H, J1> = 1.9 Hz, J23 = 3.3 Hz, H-
2g), 5.29 (M, 1H, Jyans = 17.2 Hz, Jgem = 1.6 Hz, CH=CH), 5.23-5.20 (m, 2H, H-2¢, CH=CH>),
5.04 (d, 1H, H-1g), 4.91 (d, 1H, J = 11.3 Hz, Hgy), 4.81 (d, 1H, J = 10.9 Hz, Hgn), 4.80 (dpo, 1H,
Ji2=1.8 Hz, H-1¢), 4.65 (d, 1H, Hgn), 4.61 (dpo, 1H, J = 11.3 Hz, Han), 4.59 (dyo, 1H, Hen), 4.46
(d, 1H, J = 11.3 Hz, Hsn), 4.20 (dd, 1H, J»3 = 3.2 Hz, H-3¢), 4.15 (m, 1H, Ha), 4.11 (s, 2H,
CH:CI), 3.99 (m, 1H, Ha), 3.87 (dd, 1H, H-3g), 3.82-3.72 (m, 2H, H-5g, H-5¢), 3.45 (pt, Jz4 =
Jas = 9.5 Hz, H-4c), 3.41 (pt, Jz4 = Jas = 9.2 Hz, H-4g), 2.75-2.63 (M, 4H, CHaLev), 2.17 (S, 3H,
CHstev), 1.30 (d, 3H, Js6 = 6.3 Hz, H-6g), 1.29 (d, 3H, Js6 = 6.4 Hz, H-6¢). 13C NMR (CDCl3) §
206.0 (COLev), 171.8 (COzLev), 166.7 (COciac), 138.5, 138.0, 137.9 (3C, Ciar), 133.3 (CH=CH>),
129.0-127.6 (15C, Car), 117.6 (CH=CH_), 99.6 (C-1g, NJcn = 172.8 Hz), 97.6 (C-1c, cn =
171.0 Hz), 80.2 (C-4s), 79.7 (C-4c), 77.4 (C-3g), 77.0 (C-3c), 75.5, 75.0 (2C, Cgn), 74.0 (C-2¢),
71.6 (Cen), 69.3 (C-28g), 68.7 (C-58), 68.2 (Can), 67.9 (C-5¢), 40.8 (CH:CI), 38.0 (CHzLev), 29.8
(CHstev), 28.2 (CHawev), 17.9 (2C, C-6g, C-6¢). HRMS (ESI*): m/z 817.3044 (calcd for
Ca3Hs1Cl012Na [M+Na]* m/z 817.2967)

3,4-Di-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1—3)-4-O-benzyl-2-O-

chloroacetyl-a/B-L-rhamnopyranose (5). [Ir] (51 mg, 59 umol, 0.02 equiv.) was dissolved in
anhyd. THF (10 mL) and the solution was degassed repeatedly then stirred under a satd. H»
atmosphere for 25 min. The resulting yellow solution was degassed repeatedly before being
poured into a solution of disaccharide 4 (1.97 g, 2.48 mmol) in anhyd. THF (35 mL). The
mixture was stirred under an Ar atmosphere at rt for 17 h. A TLC control (Toluene/EtOAc 8:2)
indicated the total conversion of the starting allyl glycoside (Rf 0.60) into a less polar
intermediate (Rf 0.70). A solution of I, (1.25 g, 4.63 mmol, 2.0 equiv.) in THF/H2O (5:1, 36 mL)
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was added. After stirring for 2 h at rt, a TLC control (Toluene/EtOAc 8:2) showed the
conversion of the intermediate compound into a more polar product (Rf 0.35). The reaction
was quenched with 10% aqg. NaHSO3; (100 mL). The mixture was concentrated under reduced
pressure, and extracted with DCM (3 x 250 mL). The combined organic phases were washed
with brine (150 mL), dried over anhyd. Na,SO. and passed through a phase separator filter.
The residue was purified by flash chromatography (Toluene/EtOAc 8:2 to 5:5) to give
hemiacetal 5 (1.56 g, 83%) as a pale yellow oil (/B 9:1). The a-anomer had *H NMR (CDCls)
07.39-7.25 (m, 15H, Har), 5.41 (dd, 1H, Ji2 = 1.8 Hz, J,3 = 3.2 Hz, H-2g), 5.23 (dd, 1H, J:12 =
1.9 Hz, J23 = 3.2 Hz, H-2¢), 5.18 (dd, 1H, J1 .01 = 4.0 Hz, H-1¢), 5.05 (d, 1H, H-1g), 4.90 (d, 1H,
J =11.2 Hz, Hgn), 4.81 (d, 1H, J = 10.9 Hz, Hax), 4.65 (d, 1H, Hgn), 4.60 (dpo, 1H, Hen), 4.59
(dpo, 1H, Hgn), 4.46 (d, 1H, J = 11.4 Hz, Hgn), 4.24 (dd, 1H, H-3¢), 4.11 (s, 2H, CHCI), 3.99
(dg, 1H, H-5¢), 3.86 (dd, 1H, H-3g), 3.76 (dqg, 1H, H-5g), 3.46 (pt, J34 = Jas = 9.5 Hz, H-4¢),
3.41 (pt, J3a = Jas = 9.4 Hz, H-4g), 2.75-2.63 (M, 5H, OH, CHaLev), 2.17 (s, 3H, CHsiey), 1.30-
1.28 (m, 6H, H-6g, H-6¢). *C NMR (CDCls) 6 206.2 (COvev), 171.8 (COzLev), 166.8 (COciac),
138.4, 138.0, 137.9 (3C, Cyar), 128.5-127.6 (15C, Ca/), 99.4 (C-1g, YJcn = 171.8 Hz), 91.3 (C-
1c, e = 172.2 Hz), 80.3 (C-4g), 79.7 (C-4¢), 77.4 (C-3g), 76.2 (C-3¢), 75.4, 75.1 (2C, Cgn),
74.3 (C-2¢), 71.6 (Cgn), 69.3 (C-28), 68.7 (C-58), 67.8 (C-5¢), 40.8 (CH2CI), 38.0 (CHzLev), 29.8
(CHaLev), 28.1 (CHaLev), 17.9 (2C, C-68, C-6¢).

3,4-Di-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1—3)-4-O-benzyl-2-O-
chloroacetyl-a/B-L-rhamnopyranosyl trichloroacetimidate (6). Hemiacetal 5 (1.39 g, 1.84
mmol) was dissolved in anhyd. DCE (15 mL). CCIsCN (0.55 mL, 5.49 mmol, 3.0 equiv.) and
DBU (83 L, 0.56 mmol, 0.3 equiv.) were added at rt. After stirring for 1 h under Ar at rt. Follow
up by TLC (Tol/EtOAc 8:2 + 1% EtsN) showed the conversion of the starting hemiacetal 5 (Rf
0.26) into a less polar product (Rf 0.64). The mixture was concentrated and directly purified by
flash chromatography (Tol/EtOAc 95:5 to 0:1 + 1% EtsN) to give donor 6 (1.59 g, 96 %, o/
95:5) as a brownish oil. Trichloroacetimidate 6 had *H NMR (CDCls) §8.73 (bs, 1H, NH), 7.40-
7.26 (m, 15H, Ha), 6.23 (d, 1H, J1» = 1.8 Hz, H-1¢), 5.44 (dd, 1H, J12 = 1.8 Hz, J23 = 3.2 Hz,
H-2g), 5.38 (dd, 1H, J23 = 3.3 Hz, H-2¢), 5.10 (d, 1H, H-1g), 4.91 (d, 1H, J = 11.3 Hz, Hgx), 4.82
(d, 1H, J =10.9 Hz, Hgn), 4.67-4.60 (m, 3H, Hgn), 4.51 (d, 1H, J = 11.3 Hz, Hax), 4.28 (dd, 1H,
H-3¢), 4.13 (d, 2H, CH:CI), 3.97 (dq, 1H, H-5¢), 3.87 (dd, 1H, H-3g), 3.79 (dq, 1H, H-5g), 3.57
(pt, J3.4 = Jas = 9.5 Hz, H-4¢), 3.43 (pt, J34 = Jas = 9.4 Hz, H-4g), 2.73-2.65 (M, 4H, CHaev),
2.17 (s, 3H, CHaLev), 1.34 (d, 3H, Js6 = 6.3 Hz, H-6¢), 1.27 (d, 3H, Js6 = 6.2 Hz, H-6g). HRMS
(ESI*): m/z 915.2114 (calcd for Ca2H47Cl4O12NH4 [M+NH4]* m/z 915.2196).

Allyl 3,4-di-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1—3)-4-O-benzyl-2-O-
chloroacetyl-a-L-rhamnopyranosyl-(1—3)-6-O-benzyl-2-deoxy-2-trichloroacetamido--
D-glucopyranoside (8) and 3,4-di-O-benzyl-2-O-levulinyl-a-L-rhamnopyranosyl-(1—3)-4-

O-benzyl-a-L-rhamnopyranose 1,2-(6-O-benzyl-2-deoxy-2-trichloroacetamido-B-D-
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glucopyranosid)-3-yl) orthochloroacetate (11). Alcohol 7 (630 mg, 1.39 mmol) and donor 6
(1.45 mg, 1.61 mmol, 1.2 equiv.) were dissolved in DCM (15 mL), and activated 4 A MS (1.0
g) was added. The suspension was stirred for 20 min at rt, then cooled to -15 °C, and TMSOTf
(25 pL, 138 umol, 0.1 equiv.) was added. After stirring for 45 min at -20 °C, a TLC control
(Tol/EtOAc 8:2) showed the disappearance of acceptor 7 (Rf 0.24) and the presence of two
less polar products (Rf 0.4 and 0.49). The mixture was neutralized by addition of EtsN, and the
suspension was filtered over a pad of Celite®. Volatiles were removed under reduced pressure
and the crude material was purified by flash chromatography (Toluene/EtOAc 95:5 to 0:1) to
provide in order of elution first the orthoester 11 (441 mg, 27%) then trisaccharide 8 (1.02 g,
62%) both as a white foam. The former had *H NMR (CDCls) & 7.64-7.61 (m, 2H, Ha,), 7.41-
7.18 (m, 18H, Ha/), 7.07 (d, 1H, Jonw = 7.2 Hz, NH), 5.89 (m, 1H, CH=CH,), 5.50 (s, 1H, Hgz),
5.39 (dd, 1H, J12 = 1.4 Hz, J23 = 3.3 Hz, H-2g), 5.30 (M, 1H, Jians = 17.2 HZ, Jgem = 1.5 Hz,
CH=CH), 5.23 (m, 1H, Jeis = 10.3 Hz, CH=CH), 5.07 (d, 1H, J12 = 8.2 Hz, H-1p), 4.93 (bs, 1H,
H-1g), 4.87 (d, 1H, J = 10.7 Hz, Hgn), 4.84-4.79 (m, 4H, H-1¢, H-3p, 2Hgx), 4.63 (d, 1H, J=10.8
Hz, Han), 4.61-4.58 (m, 2H, H-2¢, Hgn), 4.33 (M, 1H, Hai), 4.16-4.04 (m, 5H, Hai, H-6ap, H-5g,
2Hgn), 3.86 (dd, 1H, H-3g), 3.70 (s, 2H, CH:CI), 3.68 (ddy,, 1H, H-6bp), 3.63 (ddyo, 1H, J23 =
4.2 Hz, H-3¢), 3.58 (m, 1H, H-5p), 3.51 (pt, 1H, J34 = Jas = 8.9 Hz, H-4p), 3.45 (pt, 2H, J34 =
Jas = 9.3 Hz, H-4g, H-4¢), 3.39 (ddd, 1H, H-2p), 3.11 (dq, 1H, H-5¢), 2.78-2.64 (m, 4H, CH2Lev),
2.18 (s, 3H, CHsiey), 1.48 (d, 3H, Js6 = 6.2 Hz, H-68), 1.24 (d, 3H, Js6 = 6.2 Hz, H-6¢). *C NMR
(CDCl3z) 6206.2 (COvev), 171.8 (CO2Lev), 162.0 (NHCO), 138.7, 138.4, 137.7, 137.5 (4C, Cia),
133.2 (CH=CHy), 129.4-126.7 (18C, Ca/), 120.6 (CO2CHCI), 118.5 (CH=CH), 101.6 (Cszz),
100.2 (C-1s, Nen = 171.5 Hz), 98.4 (C-1p, YJc i = 165.9 Hz), 97.3 (C-1¢, Nen = 179.5 Hz), 92.4
(CCly), 81.3 (C-4p), 79.9 (C-4g), 79.2 (C-2¢), 78.6 (C-4c), 78.5 (C-5g), 77.8 (C-38), 75.7, 75.3,
71.2 (3C, Cagn), 70.9 (Can), 70.7 (C-5¢), 69.9 (C-3p), 69.5 (C-28), 68.6 (2C, C-58, C-6p), 65.8 (C-
5p), 58.8 (C-2p), 46.6 (CHCI), 38.1 (CHaLev), 29.8 (CHaLev), 28.2 (CHzLev), 18.0 (C-6g), 17.9 C-
6¢c). HRMS (ESI*): m/z 1212.2871 (calcd for CsgHesClsO17Na [M+Na]* m/z 1210.2904)

Trisaccharide 8 had *H NMR (CDClz) 6 7.49-7.46 (m, 2H, Ha), 7.38-7.23 (m, 18H, Ha), 6.96
(d, 1H, Jonw = 7.4 Hz, NH), 5.88 (m, 1H, CH=CH), 5.55 (s, 1H, Hgz), 5.37 (dd, 1H, J;> = 1.9
Hz, J23 = 3.1 Hz, H-2g), 5.30 (M, 1H, Jians = 17.3 Hz, Jgem = 1.6 Hz, CH=CH>), 5.24-5.21 (m,
2H, H-2¢, CH=CH), 5.07 (d, 1H, J1, = 8.2 Hz, H-1p), 5.02 (d, 1H, H-1g), 4.89 (d, 1H, J=11.2
Hz, Hgn), 4.85(d, 1H, J1, = 1.5 Hz, H-1¢), 4.70 (d, 1H, J =11.1 Hz, Han), 4.63 (d, 1H, Hgx), 4.57
(dpo, 1H, J = 11.3 Hz, Hgn), 4.54 (m, 1H, H-3p), 4.47 (d, 1H, Hagx), 4.43 (dyo, 1H, Hen), 4.39 (dd,,
1H, H-6ap), 4.35 (m, 1H, Hai), 4.14-4.07 (m, 2H, H-3¢, Hai), 4.02 (s, 2H, CHCI), 3.98 (dqyo,
1H, H-5¢), 3.82 (ddpo, 1H, H-3g), 3.80-3.71 (m, 2H, H-6bp, H-5g), 3.63-3.55 (m, 2H, H-4p, H-
5p), 3.45 (ddd, 1H, H-2p), 3.39 (pt, 1H, Jz4 = Jas = 9.4 Hz, H-4g), 3.30 (pt, 1H,J34 = Ja5 = 9.6
Hz, H-4¢), 2.72-2.62 (m, 4H, CHaLey), 2.17 (s, 3H, CHsey), 1.28 (d, 3H, Jss = 6.1 Hz, H-6g),
0.74 (d, 3H, Js = 6.1 Hz, H-6¢). *C NMR (CDCl3) 6 206.2 (COLev), 171.8 (CO2iev), 166.3
(COciac), 162.2 (NHCO), 138.6, 138.1, 138.0, 136.9 (4C, Car), 133.2 (CH=CH,), 129.1-126.5
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(18C, Ca), 118.4 (CH=CH,), 102.1 (Cea), 99.3 (C-1g, ey = 171.8 Hz), 98.4 (C-1p, ey =
164.1 Hz), 97.2 (C-1c, Y = 172.7 Hz), 92.2 (CCls), 80.2 (C-4s), 80.1 (C-4p), 79.7 (C-4c), 77.4
(C-3g), 76.3 (C-3¢), 75.1, 74.9 (2C, Cagn), 74.2 (C-3p), 73.2 (C-2¢), 71.5 (Cen), 70.8 (Can), 69.3
(C-2g), 68.7 (2C, C-5g, C-6p), 68.1 (C-5¢), 66.2 (C-5p), 59.9 (C-2p), 40.6 (CH2Cl), 38.0 (CHaLev),
29.8 (CHsLev), 28.1 (CHaLev), 18.0 (C-6g), 17.1 C-6¢). HRMS (ESI*): m/z 1210.2820 (calcd for
CssHesClsO17Na [M+Na]* m/z 1210.2904)

Allyl 3,4-di-O-benzyl-a-L-rhamnopyranosyl-(1—3)-4-O-benzyl-2-O-chloroacetyl-a-L-
rhamnopyranosyl-(1—3)-6-O-benzyl-2-deoxy-2-trichloroacetamido-B-D-
glucopyranoside (9). To a solution of trisaccharide 8 (430 mg, 0.36 mmol) in Pyridine (6 mL)
stirred at rt under an Ar atmosphere were added AcOH (4 mL) and NH>NH»-H>O (100 puL, 2.06
mmol, 5.7 equiv.). After stirring for 35 min at rt. A TLC control (Toluene/Acetone 9:1) showed
the conversion of the starting material (Rf 0.34) into a more polar product (Rf 0.22). Following
addition of H.O (100 mL) and DCM (50 mL), the two layers were separated and the ag. one
was extracted with DCM (2 x 50 mL). The combined organic extracts were washed with brine
(100 mL), dried over anhyd. Na>SO, and concentrated to dryness. The residue was purified by
flash chromatography (Toluene/EtOAc 85:15 to 0:1) to give alcohol 9 (342 g, 86%) as a white
solid. The later had *H NMR (CDCls) §7.50-7.47 (m, 2H, Ha), 7.39-7.23 (m, 18H, Ha/), 7.04 (d,
1H, JonH = 7.4 Hz, NH), 5.88 (m, 1H, CH=CH>), 5.55 (s, 1H, Hgz), 5.30 (M, 1H, Jyans = 17.2 Hz,
Jgem = 1.5 Hz, CH=CH,), 5.24-5.21 (m, 2H, H-2¢, CH=CHy), 5.07 (do, 1H, H-18), 5.06 (dpo, 1H,
Ji2 = 7.9 Hz, H-1p), 4.86 (d, 1H, Ji» = 1.6 Hz, H-1¢), 4.86 (d, 1H, J = 11.2 Hz, Hg,), 4.66 (d,
1H, Hgn), 4.64 (dyo, 1H, J = 11.8 Hz, Hgn), 4.60 (bs, 2H, Hgn), 4.58 (dwo, 1H, Hgn), 4.54 (m, 1H,
H-3p), 4.49 (d, 1H, J = 11.0 Hz, Hgn), 4.39 (ddpo, 1H, Js6a = 4.6 Hz, H-6ap), 4.36 (m, 1H, Hai),
4.13-4.08 (m, 2H, H-3c¢, Han), 4.03 (s, 2H, CH2Cl), 3.99 (dqpo, 1H, H-5¢), 3.91 (dd, 1H, J1» = 1.7
Hz, J23 = 3.1 Hz, H-2g), 3.81 (pt, 1H, H-6bp), 3.75-3.69 (M, 2H, H-3g, H-58), 3.64-3.55 (m, 2H,
H-4p, H-5p), 3.48 (dddyo, 1H, H-2p), 3.44 (pt, 1H, Jz34 = Jas = 9.4 Hz, H-4s), 3.30 (pt, 1H, J34 =
Jas = 9.6 Hz, H-4¢), 2.36 (bs, 1H, OH), 1.28 (d, 3H, Jss = 6.3 Hz, H-68), 0.77 (d, 3H, Js6 = 6.2
Hz, H-6¢). *C NMR (CDCls) 6 166.3 (COciac), 162.2 (NHCO), 138.5, 138.1, 138.0, 137.0 (4C,
Civar), 133.2 (CH=CH), 129.1-126.4 (18C, Ca), 118.4 (CH=CH), 102.1 (Cgz), 101.2 (C-1s,
1Jcn =170.8 Hz), 98.3 (C-1p, 1Jcn = 165.5 Hz), 97.2 (C-1c, NJcn = 172.1 Hz), 92.2 (CCls), 80.4
(C-4¢), 80.1 (C-4p), 79.7 (C-48),79.4 (C-3g), 76.4 (C-3¢), 75.1, 75.0 (2C, Can), 74.1 (C-3p), 73.7
(C-2¢), 72.1 (Cgn), 70.8 (Can), 69.0 (C-28), 68.7 (C-6p), 68.4 (C-5g), 68.1 (C-5¢), 66.2 (C-5p),
60.0 (C-2p), 40.6 (CH:CI), 17.9 (C-6g), 17.1 (C-6¢). HRMS (ESI*): m/z 1112.2651 (calcd for
Cs3Hs9ClsO1sNa [M+Na]* m/z 1112.2537).

Propyl a-L-rhamnopyranosyl-(1—3)-2-O-acetyl-a-L-rhamnopyranosyl-(1—3)-2-
acetamido-2-deoxy-B-D-glucopyranoside (10). To a stirred solution of trisaccharide 9 (76.9
mg, 70 pmol) in 96% aq. EtOH (6 mL) and DCE (150 pL), were added Pd/C (75.6 mg). The

suspension was stirred under H, atmosphere for 24 h at rt. After this time, a solution of
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NazHPO. (0.5 M, 500 uyL) was added and the suspension was stirred for another 3 d at rt. MS
analysis of the reaction mixture revealed a molecular weight of corresponding to that of the
target tetrasaccharide. The reaction mixture was passed through a 0.2 um filter. After freeze-
drying, purification of the residue by RP-LC (215 nm, 0-40% linear gradient of MeCN/H2O over
27 CV at a flow rate of 30 mLemin), gave trisaccharide 10 (28.7 mg, 47%) as a fluffy solid
after repeated freeze-drying. Propyl glycoside 10 had *H NMR (D:0) 6 5.00-4.96 (m, 2H, H-
2c, H-1g), 4.86 (bs, 1H, H-1¢), 4.50 (d, 1H, J.2 = 8.5 Hz, H-1p), 4.08 (dg, 1H, H-5¢), 4.01 (bd,
1H, H-2g), 3.96-3.89 (m, 2H, H-6ap, H-3¢), 3.85-3.69 (m, 3H, OCH2p, H-2p, H-6bp), 3.65 (dd,
1H, J23=2.7 Hz, J34 = 9.4 Hz, H-3g), 3.60-3.40 (m, 7H, H-4¢, OCH2p, H-3p, H-4p, H-5g, H-4g),
2.16 (s, 3H, CHaac), 2.05 (s, 3H, CHannac), 1.54 (psex, 2H, J = 6.9 Hz, CHazpy), 1.25-1.22 (m,
6H, H-6g, H-6¢), 0.86 (t, 3H, CHspr). *C NMR (D20) 6177.1 (NHCO), 175.8 (COaxc), 105.4 (C-
1g, YJcn = 171.3 Hz), 103.3(C-1p, Jcn = 163.5 Hz), 101.1 (C-1¢, YJcn = 173.4 Hz), 85.1 (C-
3pb), 79.8 (C-3¢), 78.7 (C-5p), 75.1 (C-2¢), 74.9 (OCHzpr), 74.4 (C-4s), 73.9 (C-4c¢), 72.8 (C-3g),
72.7 (C-2g), 72.0 (C-5g), 71.6 (C-5¢), 71.1 (C-4p), 63.5 (C-6p), 57.9 (C-2p), 25.0 (CHanHac), 24.7
(CHapr), 22.9 (CHasac), 19.2, 19.0 (2C, C-6¢, C-6g), 12.3 (CHzpr). HRMS (ESI*): m/z 620.2496
(calcd for CasHasNO1sNa [M+Na]* m/z 620.2531); m/z 598.2674 (calcd for C2sH44NO1s [M+H]*
m/z 598.2711). RP-HPLC (215 nm): R; = 9.82 min.

Chemical synthesis of tetrasaccharide 12

Allyl 4-O-(2-naphtylmethyl)-a-L-rhamnopyranoside (16). Acetyl choride (50 mL, 693 mmol,
2.5 equiv.) was added dropwise to AlIOH (610 mL) at 0 °C, the solution was stirred for 25 min,
and then L-rhamnose monohydrate (50 g, 277 mmol) was added. The mixture was heated for
2.5 h at 70 °C then for 15 h at 40 °C. Follow up by TLC (DCM/MeOH 8:2) indicated the total
conversion of the starting hemiacetal (Rf = 0.2) into a less polar product (Rf = 0.7). The bath
temperature was cooled to 0 °C and the solution was neutralized by addition of NaHCO3() (103
g). The suspension was filtered over a pad of Celite® and solvents were evaporated and co-
evaporated three times with Toluene. The crude material was dissolved in anhyd. acetone (300
mL) then 2,2-dimethoxypropane (100 mL, 0.81 mol, 3.0 equiv.) and PTSA (3.04 g, 16 mmol,
0.05 equiv.) were successively added. After stirring for 3 h at rt, TLC (DCM/MeOH 9:1)
indicated the total conversion of the intermediate allyl glycoside (Rf = 0.3) into a less polar
product (Rf = 0.6). The solution was neutralized by adding EtsN (4 mL) and solvents were
evaporated under reduced pressure. The residue was dissolved in DCM (600 mL) and washed
with H>O (3 x 300 mL) and brine (200 mL). The organic layer was dried by passing through
phase separator filter and concentrated to dryness. The crude residue was dissolved in DMF
(800 mL) under an Ar atmosphere, the bath temperature was cooled to -5 °C and NaH (60%
oil dispersion, 29.1 g, 0.73 mol, 2.4 equiv.) was added portion wise to this suspension. The
mixture was stirred for 2 h at rt under Ar and then 2-(bromomethyl)naphthalene (73.5 g, 0.33

mol, 1.2 equiv.) was added portion wise at -5 °C. After stirring the RM for 2 h under Ar at rt, a
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TLC control (cHex/EtOAc 7:3) indicated the total conversion of the intermediate alcohol (Rf =
0.3) into a less polar product (Rf = 0.67). The reaction was quenched at 0 °C by addition of
MeOH (50 mL). Solvents were eliminated under reduced pressure and volatiles were co-
evaporated with Tol. The residue was taken in EtOAc (400 mL) and washed with H.O (3 x 300
mL) and brine (150 mL). The organic phase was dried over anhyd. Na.SO., filtered, and
concentrated to dryness. The crude residue was dissolved in 80% aq. AcOH (500 mL) and the
solution was stirred for 20 h at 80 °C. A TLC control (Cyclohexane/EtOAc 5:5) indicated the
total conversion of the intermediate (Rf = 1.0) into a more polar product (Rf = 0.2). Solvents
were removed under vacuum and traces of AcOH were eliminated by co-evaporation with
Toluene (3 x 400 mL). The residue was taken in MeCN (500 mL) and washed with cold
Cyclohexane (2 x 300 mL). The MeCN layer was evaporated to dryness and recrystallization
in hot Cyclohexane was performed to afford the expected diol 16 (82.5 g, 87%) as a white to
off-white crystal. *H NMR (400 MHz, CDCl3) 6§ 7.87 - 7.78 (m, 4H, Hamap), 7.52 — 7.44 (m, 3H,
Haap), 5.89 (dddd, 1H, J = 17.2, 10.4, 6.0, 5.2 Hz, CH=CHaai), 5.28 (dQapp, 1H, J =17.2, 1.5
Hz, CH=CHzau), 5.19 (dQapp, 1H, J = 10.4, 1.5 Hz, CH=CH2au), 4.95 -4.86 (m, 2H, Hamap), 4.81
(d, J=1.4 Hz, 1H, H-1), 4.17 (ddt, 1H, J = 12.9, 5.1, 1.5 Hz, 1H, CH2-CH=u), 4.02- 3.93 (m,
3H, CH2-CH=ay, H-2, H-3), 3.79 (dq, 1H, J = 9.2, 6.3 Hz, H-5), 3.41 (tapp, 1H, J = 9.2 Hz, H-4),
2.45 (brs, 2H, OH-2, OH-3), 1.38 (d, 3H, J = 6.3 Hz, H-6). *C NMR (100 MHz, CDCls) 5§133.8
(CH=CHzan), 128.4 (Cwar), 128.0 (Cwar), 127.7 (Cwar), 126.7-125.8 (7C, CHa), 117.4
(CH=CHaau), 98.5 (C-1, WJch = 170.1 Hz), 75.1 (CHanap), 71.6, 71.3 (2C, C-2, C-3), 68.0 (CH>-
CH=a1), 67.3 (C-5), 18.1 (C-6). HRMS (ESI*): m/z 362.1985 (calcd for C1sH220sNH4" [M+NH4]*
m/z 362.1967); m/z 367.1576 (calcd for C16H220sNa* [M+Na]* m/z 367.1521). mp 347.95 K

Allyl 4-O-(2-naphthylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranoside (S1). To a solution of
diol 16 (20.0 g, 58.1 mmol) in anhyd. MeCN (800 mL) stirred at O °C under an Ar atmosphere
were successively added dropwise TES-CI (11.70 mL, 69.7 mmol, 1.2 equiv.) and DIPEA (15.2
mL, 87.1 mmol, 1.5 equiv.). After stirring the RM for 2 h at rt under Ar, TLC
(Cyclohexane/EtOAc 8:2) showed complete consumption of the starting material (Rf = 0.13)
and the presence of a main product (Rf = 0.70). MeOH (1.2 mL, 29.0 mmol, 0.5 equiv.) was
added, the mixture was stirred for 15 min, and volatiles were evaporated under reduced
pressure. Toluene was added and a precipitate appeared. The suspension was filtered and
the filtrate was concentrated to dryness. The residue was purified by flash chromatography
(Toluene/EtOAc 95:5 to 9:1) to give alcohol S1 (19.7 g, 74%) as a yellow oil. The later had *H
NMR (CDClz) 6 7.90-7.79 (m, 4H, Hamap), 7.53-7.45 (m, 3H, Hamap), 6.00-5.87 (m, 1H,
CH=CHy), 5.36-5.26 (dd, 1H, CH=CH.), 5.25-5.18 (dd, 1H, CH=CH), 5.09-5.01 (d, 1H,
CHznap), 4.87 (s, 1H, H-1), 4.84-4.76 (d, 1H, CH2nap), 4.25-4.15 (ddtapp, 1H, CH2an), 4.15-4.09
(dd, 1H, J32= 3.5 Hz, H-3) 4.05-3.98 (ddtapp, 1H, CH2ai), 3.86 (bd, 1H, H-2), 3.84-3.73 (m, 1H,
H-5), 3.44 (t, 1H, J43= J45= 9.2 Hz, H-4), 2.68 (bs, 1H, OH), 1.35-1.27 (d, 3H, H-6), 1.07-0.98

(t, 9H, CH3TEs), 0.78-0.68 (m, 6H, J6,5= 6.3 HZ, CHzTEs). 13C NMR (CDC|3) 0136.0 (C|VNap),
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134.0 (CH=CH), 133.3 (Civnap), 133.0 (Civnap), 128.0-125.8 (Carnap), 117.0 (CH=CH), 98.0 (C-
1, YJcn = 169.0 Hz), 81.3 (C-4), 75.5 (CHanap), 73.3 (C-3), 72.2 (C-2), 67.8 (CH2an), 67.4 (C-5),
17.9 (C-6), 6.8 (CHgsres), 5.1 (CHzres). HRMS (ESI*): m/z 481.2386 (calcd for CasH3s0sSiNa
[M+Na]* m/z 481.2394).

Allyl 2-O-levulinoyl-4-O-(2-naphthylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranoside
(S2). Alcohol S1 (19.7 g, 43.0 mmol) was dissolved in anhyd. DCM (144 mL) and stirred at rt.
DCC (17.7 g, 85.9 mmol, 2.0 equiv.), DMAP (4.2 g, 34.4 mmol, 0.8 equiv.) and levulinic acid
(13.2 mL, 128.9 mmol, 3.0 equiv.) were successively added. After stirring for 2 h at rt, a TLC
control (Cyclohexane/EtOAc 7:3) showed complete consumption of the starting material (Rf
0.6) and the presence of a more polar product (Rf 0.53). The reaction mixture was
concentrated under reduced pressure. The crude material was taken in EtOAc (100 mL) and
the resulting suspension was filtered on a pad of Celite®. H»O (30 mL) was added to the filtrate
and the organic layer was washed successively with 10% aq. CuSO, (30 mL), H-O (30 mL),
satd ag. NaHCOs3 (30 mL) and brine (30 mL). The organic layer was dried by stirring over
anhyd. Na>SO, filtered and concentrated under vacuum. The residue was purified by flash
chromatography (Tol/EtOAc 8:2) to give the protected monosaccharide S2 (17.7 g, 74%) as a
yellow to brown oil. The later had *H NMR (CDCls) 6 7.90-7.79 (m, 4H, Hamap), 7.54-7.46 (m,
3H, Hamap), 5.97-5.84 (m, 1H, CH=CHy), 5.33-5.26 (dd, 1H, CH=CH,), 5.25-5.17 (dd, 1H,
CH=CH,), 5.11-5.06 (m, 2H, CHanap, H-2), 4.84-4.78 (d, 1H, CHanap), 4.72 (bd, 1H, H-1), 4.26-
4.21 (dd, 1H, J32= 3.6 Hz, Js4= 9.3 Hz, H-3), 4.20-4.13 (ddtapp, 1H, CHaan), 4.01-3.95 (ddtapp,
1H, CHzai), 3.82-3.73 (m, 1H, H-5), 3.42 (t, 1H, Ja5= 9.4 Hz, H-4), 2.82-2.70 (M, 4H, CHaLev),
2.22 (s, 3H, CHsLey), 1.31 (d, 3H, H-6), 0.99 (t, 9H, Js5= 6.3 Hz, CHares), 0.68 (g, 6H, CHares).
13C NMR (CDCls) & 206.1 (COLev), 172.1 (COgziev), 136.1 (Civnap), 133.7 (CH=CH), 133.3
(Civnap), 133.0 (Civnap), 128.0-125.8 (Camap), 117.0 (CH=CH), 96.6 (C-1, *Jcn = 170.6 Hz),
81.4 (C-4), 75.5 (CHanap), 73.5 (C-2), 71.1 (C-3), 68.0 (CH2an), 67.8 (C-5), 38.0 (CHaLev), 29.8
(CHstev), 28.2 (CHaLev), 18.0 (C-6), 6.8 (CHstes), 4.9 (CHzres). HRMS (ESI*): m/z 479.2754
(calcd for Cz1H440O7SiNa [M+Na]* m/z 479.2791)

2-O-Levulinoyl-4-O-(2-naphthylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranose (17). Route
1:[Ir] (358 mg, 0.636 mmol, 0.02 equiv.) was dissolved in anhyd. THF (30 mL) and the solution
was degassed repeatedly then stirred under a satd. H, atmosphere for 30 min. The resulting
yellow solution was degassed repeatedly before being poured into a solution of rhamnoside
S2 (17.7 g, 31.8 mmol) in anhyd. THF (317 mL). The mixture was stirred under an Ar
atmosphere at rt for 2 h. A TLC control (Cyclohexane/EtOAc 7:3) showed complete conversion
of the starting material (Rf= 0.53) into a less polar intermediate (Rf = 0.56). A solution of I,
(16.1 g, 63.6 mmol, 2.0 equiv.) and NaHCO3 (21.4 g, 254.4 mmol, 8.0 equiv.) in 1:5 H,O/THF
(389 mL) was then poured at 0 °C. After stirring for 2 h at this temperature, a TLC control

(Cyclohexane/EtOAc 7:3) showed complete conversion of the intermediate (Rf = 0.56) into a
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more polar product (Rf = 0.26). 10% aq. Na>S20s (100 mL) was added. THF was evaporated
under reduced pressure and DCM (300 mL) was added. The aq. layer was extracted with DCM
(2 x 200 mL) and the combined organic phases were washed with satd aq. NaHCO3 (100 mL)
and brine (100 mL). The organic layer was dried over anhyd. Na,SOy, filtered and concentrated
under vacuum. The residue was purified by flash chromatography (cHex/EtOAc 8:2 to 6:4 +
1% EtsN) to give hemiacetal 17 (14.6 g, 89%, a/p 4:1) as an off-white to yellow oil.

Route 2: To a solution of diol 16 (20.0 g, 58.07 mmol) in anhyd. MeCN (580 mL) stirred at rt
were successively added dropwise TES-CI (10.23 mL, 60.97 mmol, 1.05 equiv.) and DIPEA
(15.17 mL, 87.11 mmol, 1.5 equiv.). After stirring the RM for 2 h at rt, a TLC control
(Cyclohexane/EtOAc 8:2) showed complete consumption of the starting material (Rf 0.13) and
the presence of a main product (Rf0.70). MeOH (2.35 mL, 58.07 mmol, 1 equiv.) was added,
the mixture was stirred for 15 min, and volatiles were evaporated under reduced pressure.
Toluene was added and a precipitate appeared. The suspension was filtered and the filtrate
was concentrated to dryness.
The crude residue was dissolved in anhyd. DCM (194 mL) and stirred at rt. Then were
successively added DCC (23.96 g, 116.14 mmol, 2.0 equiv.), DMAP (5.68 g, 46.46 mmol, 0.8
equiv.) and levulinic acid (17.84 mL, 174.21 mmol, 3.0 equiv.). After stirring for 15 h atrt, TLC
(Cyclohexane/EtOAc 7:3) showed complete consumption of the starting material (Rf 0.60) and
the presence of a more polar compound (Rf 0.53). The reaction mixture was concentrated
under reduced pressure. The crude material was taken in EtOAc (200 mL) and the resulting
suspension was filtered on a pad of Celite®. H,O (150 mL) was added to the filtrate and the
organic layer was washed successively with 10% aq. CuSO, (2 x 150 mL), H,O (2 x 150 mL),
satd ag. NaHCO3; (150 mL) and brine (150 mL). The organic layer was dried over anhyd.
NaxSO,, filtered and concentrated under vacuum. [Ir] (982 mg, 1.16 mmol, 0.02 equiv.) was
dissolved in anhyd. THF (50 mL) and the solution was degassed repeatedly then stirred under
a satd. H, atmosphere for 1 h. The resulting yellow solution was degassed repeatedly before
being poured into a solution of the crude residue in anhyd. THF (580 mL). The mixture was
stirred under an Ar atmosphere at rt for 3 h. A TLC control (Cyclohexane/EtOAc 7:3) showed
complete conversion of the starting material (Rf 0.53) into a less polar product (Rf 0.56). A
mixture of 1> (29.5 g, 116.1 mmol, 2 equiv.) and NaHCO3 (39.0 g, 464.6 mmol, 8 equiv.) in 1:5
H.O/THF (711 mL) was added to the mixture stirred at 0 °C. After stirring for 2 h at this
temperature, a TLC control (Cyclohexane/EtOAc 7:3) showed complete conversion of the
intermediate into a more polar product (Rf 0.26). Satd ag. Na>S:0s (500 mL) was added. THF
was evaporated under reduced pressure and DCM (500 mL) was added. The ag. layer was
extracted with DCM (2 x 250 mL) and the combined organic phases were washed with satd
ag. NaHCO3 (500 mL) and brine (500 mL). The organic layer was dried over anhyd. Na>SOa,
filtered and concentrated under vacuum. The residue was purified by flash chromatography
(Cyclohexane/EtOAc 8:2 to 6:4 + 1% Et3N) to give hemiacetal 19 (24.0 g, 80%, o/p 4:1) as an
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off-white to yellow oil. The later had *H NMR (CDCls) §7.89-7.78 (m, 4H, Haap), 7.53-7.45 (m,
3H, Hamap), 5.30 (dd, 0.25H, Jo1= 1.1 Hz, J23= 3.4 Hz, H-2p), 5.13-5.03 (M, 2.5H, H-1a, H-2a,
CHanap), 4.85-4.77 (d, 1.25H, H-1B, CHanap), 4.28 (dd, 0.75H, Js2= 2.7 Hz, J3.4= 9.0 Hz, H-30),
4.00 (dq, 0.75H, H-5a), 3.92 (dd, 0.25H, J34= 8.8 Hz, H-3p), 3.46 (m, 0.25H, H-5p), 3.43 {(t,
0.75H, Jas= 9.3 Hz, H-40), 3.37 (t, 0.25H, J45= 9.0 Hz, H-4B), 2.93-2.61 (M, 4H, CHaLey), 2.21
(s, 3H, CHaLev), 1.36 (d, 0.75H, Js 5= 6.2 Hz, H-6p), 1.30 (d, 2.25H, Js5= 6.3 Hz, H-6a), 1.02-
0.94 (m, 9H, CHzsres), 0.68 (g, 6H, CHz1es). *C NMR (CDCls) 6 206.2 (COvev), 172.2 (CO2Lev),
136.0 (Civnap), 133.3 (Civnap), 133.0 (Civnap), 128.0-125.8 (Carnap), 93.1 (C-1B, YJcn = 158.5 Hz),
92.2 (C-1a, YJcn = 171.3 Hz), 81.3 (C-4a), 80.9 (C-4B), 75.3 (CHanap), 74.2 (C-2B), 73.8 (C-
20), 73.6 (C-3B), 71.7 (C-5B), 70.6 (C-30), 68.0 (C-5a), 38.0 (CHaey), 29.8 (CHaLev), 28.2
(CHziev), 18.2 (C-6B), 18.1 (C-6a), 6.8 (CHares), 4.9 (CHares). HRMS (ESIY): m/z 539.2441
(calcd for C2sH4007SiNa [M+Na]™ m/z 539.2451).

2-O-Levulinoyl-4-O-(2-naphthylmethyl)-3-O-triethylsilyl-a/B-L-rhamnopyranosyl
trichloroacetimidate (15). To a solution of hemiacetal 17 (24.0 g, 46.5 mmol) in anhyd. DCE
(210 mL) stirred at rt under an Ar atmosphere were successively added CCIsCN (13.97 mL,
139.3 mmol, 3.0 equiv.) and DBU (3.47 mL, 23.2 mmol, 0.5 equiv.). After stirring the RM for 3
h under Ar at rt, a TLC control (Cyclohexane/EtOAc 7:3) showed complete consumption of the
starting material (Rf = 0.26) into a less polar product (Rf = 0.53). Volatiles were evaporated
under reduced pressure. The residue was purified by flash chromatography
(Cyclohexane/EtOAc 9:1 to 5:5 + 1% EtsN) to give donor 15 (28.0 g, 91%, o/p 95:5) as a
whitish crystalline solid. Trichloroacetimidate 15 had *H NMR (CDCls) §8.67 (s, 1H, NH), 7.89-
7.79 (M, 4H, Haap), 7.54-7.47 (M, 3H, Hamap), 6.15 (bd, 1H, Ji12= 2.0 Hz, H-1), 5.26 (g, 1H, H-
2), 5.10 (d, 1H, CHanap), 4.82 (d, 1H, CHanap), 4.32 (dd, 1H, J32 = 3.4 Hz, H-3), 3.95 (dq, 1H,
H-5), 3.52 (t, 1H, Ja3z= Ja5= 9.3 Hz, H-4), 2.84-2.74 (M, 4H, CHaLev), 2.23 (S, 3H, CHsiev), 1.32
(d, 3H, Je5=6.2 Hz, H-6), 1.03-0.96 (m, 9H, CHares), 0.69 (q, 6H, CHzres). 13C (CDCls) §205.9
(COLev), 171.3 (CO2Lev), 160.1 (COrca) 135.7 (Civnap), 133.3 (Civnap), 133.0 (Civnap), 128.1-125.9
(Carnap), 95.0 (C-1, YJcn = 179.7 Hz), 80.5 (C-4), 75.7 (CHznap), 71.9 (C-2), 71.0-70.9 (C-3 + C-
5), 38.0 (CHaztev), 29.8 (CHatev), 28.1 (CHazLev), 18.0 (C-6), 6.8 (CHares), 4.8 (CHzres). HRMS
(ESI*): m/z 682.1537 (calcd for C3oH40CIsNO7SiNa [M+Na]* m/z 682.1526).

Allyl 2-O-chloroacetyl-4-O-(2-naphtylmethyl)-a-L-rhamnopyranoside (14). To a solution of
diol 16 (15.3 g, 44.5 mmol) in anhyd. MeCN (306 mL) stirred at rt was added 2-chloro-1,1,1-
trimethoxyethane (18.9 mL, 133.4 mmol, 3.0 equiv.) and PTSA-H.O (0.85 g, 4.45 mmol, 0.1
equiv.). After stirring for 1 h at rt, TLC (Cyclohexane/EtOAc 7:3) showed complete consumption
of the starting material (Rf 0.13) into a mix of two less polar products (Rf = 0.74, 0.79). Then,
90% ag. TFA (214 mL) was added to the reaction medium at 0 °C. After stirring for 30 min at

rt, a TLC control (Cyclohexane/EtOAc 7:3) showed complete consumption of the intermediate
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material into a more polar product (Rf 0.49). H.O was added until the mixture became
completely cloudy (100 mL). The product was extracted with EtOAc (2 x 200 mL). The organic
phase was washed with satd ag. NaHCO3 (2 x 200 mL) and brine (200 mL). The organic layer
was dried over anhyd. Na>SO,, filtered and concentrated under vacuum to obtain a 95:5
mixture of alcohol 14 and its regioisomer 14a. Acceptor 14 had *H NMR (CDClz) 6 7.92-7.81
(m, 4H, Hamap), 7.55-7.48 (m, 3H, Harap), 5.97-5.85 (m, 1H, CH=CH), 5.33 (dq, 1H, CH=CH>),
5.27-5.22 (m, 2H, H-2, CH=CHy), 5.00 (d, 1H, CHanap), 4.92 (d, 1H, CH2nap), 4.84 (bd, 1H, Ji»
= 1.6 Hz, H-1), 4.25-4.15 (m, 2H, H-3, CHzai), 4.18 (d, 2H, CHaca), 4.01 (ddtapp, 1H, CHaai),
3.85 (dq, 1H, H-5), 3.45 (t, 1H, Ja3 = Jas= 9.4 Hz, H-4), 2.21 (bs, 1H, OH), 1.41 (d, 3H, Jes=
6.9 Hz, H-6). 1*C NMR (CDCls) §167.1 (COca), 135.6 (Civnap), 133.4 (CH=CHy), 133.2 (CivNap),
133.1 (Civnap), 129.0-125.9 (Camap), 117.7 (CH=CHy), 96.2 (C-1, *Jc = 170.4 Hz), 81.5 (C-4),
75.3 (CH2nap), 74.6 (C-2), 70.2 (C-3), 68.2 (CH2an), 67.7 (C-5), 40.9 (CHazca), 18.0 (C-6). HRMS
(ESI"): m/z 443.1284 (calcd for C2H25ClIOsNa [M+Na]" m/z 443.1232).

Allyl 2-O-levulinoyl-4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-
2-O-chloroacetyl-4-O-(2-naphtylmethyl)-a-L-rhamnopyranoside (18). To a solution of
crude acceptor 14 (44.5 mmol, 1.1 equiv.) in anhyd. Toluene (424 mL), stirred at rt under an
Ar atmosphere, were successively added donor 15 (28.0 g, 42.4 mmol) and activated 4 A MS
(5.6 g). The suspension was stirred for 15 min at rt, then cooled to -60 °C. After 15 min of
stirring at this temperature, TBSOTf (781 uL, 3.4 mmol, 0.08 equiv.) was slowly added. After
stirring for 1.5 h under Ar while the temperature wise rising from from -60 to -15 °C, a TLC
control (Cyclohexane/EtOAc 7:3) showed complete consumption of donor 15 (Rf = 0.60) into
a less polar product (Rf = 0.72). The mixture was cooled down to -60 °C and EtsN (700 uL, 5.0
mmol, 0.12 equiv.) was added for neutralization. The reaction mixture was stirred for 15 min
at -60 °C and then filtered on a pad of Celite®. The filtrate was concentrated under reduced
pressure. The residue was purified by flash chromatography (Toluene/EtOAc 95:5) to give
disaccharide 18 (32.1 g, 82 %) as a white to off-white crystalline solid. The glycosylation
product had *H NMR (CDCls) 6 7.90-7.80 (m, 8H, Hamap), 7.53-7.45 (m, 6H, Hamap), 5.95-5.83
(m, 1H, CH=CH2), 5.29 (dq, 1H, CH=CH2), 5.24 (m, 1H, H-2¢), 5.22 (dq, 1H, CH=CH2), 5.20
(Mapp, 1H, H-2g), 5.08 (bs, 1H, H-1g), 5.05 (2d, 2H, CH2nap), 4.82 (bs, 1H, H-1¢), 4.80 (2d, 2H,
CHanap), 4.26 (dd, 1H, Js2= 3.3 Hz, Js4= 9.5 Hz, H-3¢), 4.19 (dd, 1H, Js2= 3.5 Hz, J34= 9.1
Hz, H-3g), 4.17 (bd, 2H, CHaxca), 4.16 (dt, 1H, CHzar), 3.99 (dt, 1H, CHzai), 3.81 (dqg, 1H, H-5¢),
3.77 (dg, 1H, H-5g), 3.56 (t, 1H, J45= 9.5 Hz, H-4c), 3.40 (t, 1H, Jas= 9.3 Hz, H-4g), 2.69-2.57
(m, 4H, CHaLev), 2.13 (s, 3H, CHaLev), 1.32 (d, 3H, Js5=6.2 Hz, H-6¢), 1.27 (d, 3H, Je 5= 6.2 Hz,
H-6g), 0.92 (t, 9H, CHares), 0.62 (q, 6H, CHares). *C NMR (CDCls) 6 206.0 (COLev), 171.8
(COaLev), 166.7 (COcp), 136.1 (Civnap), 135.4 (Civnap), 133.4 (CH=CHa, Ciynap), 133.3 (Civnap),
133.1 (Civnap), 132.9 (Civnap), 128.1-125.7 (Carmap), 117.7 (CH=CH,), 99.6 (C-1g, Jcn = 173.2
Hz), 95.8 (C-1¢, Mcn = 172.0 Hz), 80.5 (C-4g), 80.3 (C-4c), 76.7 (C-3c), 75.5 (CHznap), 75.1

(CHanap), 74.2 (C-2¢), 73.5 (C-28), 70.9 (C-3g), 68.9 (C-55), 68.3 (CHaan), 67.9 (C-5¢), 40.8
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(CHaca), 37.9 (CHaLev), 29.7 (CHsLey), 28.1 (CHaLev), 18.0 (C-6¢), 17.9 (C-6g), 6.8 (CHares), 4.7
(CHzres). HRMS (ESI*): m/z 941.3675 (calcd for CsoHesClO12SiNa [M+Na]" m/z 941.3787)

Allyl 4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-2-O-
chloroacetyl-4-O-(2-naphtylmethyl)-a-L-rhamnopyranoside (S3). To a solution of
disaccharide 18 (15.0 g, 16.3 mmol) in a mix of 3:2 Pyridine/AcOH (204 mL), stirred at rt, was
added NH2NH2-H>O (1.58 mL, 32.6 mmol, 2.0 equiv.). After stirring the RM for 1.5 h at rt, TLC
(cHex/EtOAc 7:3) showed complete consumption of the starting material (Rf = 0.74) into a less
polar product (Rf = 0.82). H20 (50 mL) and EtOAc (200 mL) were added. The ag. layer was
extracted with EtOAc (2 x 100 mL) and the combined organic phases were washed times with
10% ag. CuSO4 (3 x 50 mL), H>O (2 x 50 mL), satd ag. NaHCO3 (50 mL) and brine (2 x 50
mL). The organic layer was dried over anhyd. Na,SO., filtered and concentrated under
vacuum. Disaccharide 21 had *H NMR (CDCls) 6 7.90-7.80 (m, 8H, Hamap), 7.53-7.45 (m, 6H,
Hamap), 5.95-5.83 (m, 1H, CH=CH), 5.31 (m, 2H, CH=CHa, H-2¢), 5.23 (dq, 1H, CH=CH>),
5.19 (d, 1H, H-1g), 5.01 (2d, 2H, CH2nap), 4.82 (m, 3H, CHanap, H-1c), 4.27 (dd, 1H, J32= 3.3
Hz, J34= 9.5 Hz, H-3¢), 4.19 (m, 3H, CHaai, CHaca), 4.07 (dd, 1H, J32= 3.3 Hz, J34= 9.5 Hz,
H-3g), 4.02 (dt, 1H, CH2au), 3.86 (m, 2H, H-2g, H-5¢), 3.78 (dq, 1H, Js4= 9.5 Hz, H-5g), 3.57 (t,
1H, J34=Jas= 9.5 Hz, H-4c¢), 3.43 (t, 1H, J34= Jas5= 9.2 Hz, H-4), 2.56 (M, 1H, OH-2g), 1.35
(d, 3H, Js5= 6.2 Hz, H-6¢), 1.28 (d, 3H, Js5= 6.3 Hz, H-68), 0.95 (t, 9H, J = 7.9 Hz, CHares),
0.63 (g, 6H, CHzres). *C NMR (CDCl3) §166.7 (COca), 136.0 (2C, Civnap), 135.3 (2C, Civnap),
133.3 (CH=CHy), 133.1-128.2 (4C, Camap), 127.9-125.7 (14C, Camap), 117.7 (CH=CH>), 101.4
(C-1g, YJcn = 172.9 Hz), 95.9 (C-1c, Ycn = 171.4 Hz), 80.8 (C-4s), 80.3 (C-4c), 77.5 (C-3¢),
75.5 (CHanap), 75.2 (CH2nap), 74.4 (C-2¢), 73.0 (C-38), 72.5 (C-2B), 68.4 (C-5g), 68.3 (CH:an),
67.9 (C-5¢), 40.8 (CHzca), 18.0 (C-6¢), 17.9 (C-68), 6.7 (CHares), 5.0 (CHzres). HRMS (ESIY):
m/z 838.3753 (calcd for C4sHs7ClO10SiNa [M+Na]* m/z 838.3743).

Allyl 2-O-levulinoyl-4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-
(1—2)4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-2-O-

chloroacetyl-4-O-(2-naphtylmethyl)-a-L-rhamnopyranoside (19). To a solution of
disaccharide 18 (15.0 g, 16.3 mmol) in 3:2 Pyridine/AcOH (204 mL) stirred at rt was added
NH2NH2'H.O (1.58 mL, 32.6 mmol, 2.0 equiv.). After stirring for 1.5 h at rt, TLC
(Cyclohexane/EtOAc 7:3) showed complete consumption of the starting material (Rf = 0.74)
into a less polar product (Rf = 0.82). H.O (50 mL) and EtOAc (200 mL) were added. The aq.
layer was extracted with EtOAc (2 x 100 mL) and the combined organic phases were washed
times with 10% ag. CuSO4 (3 x 50 mL), H.0 (2 x 50 mL), satd aq. NaHCO3 (50 mL) and brine
(2 x 50 mL). The organic layer was dried over anhyd. Na>SO, filtered and concentrated under
vacuum. The crude residue was dissolved in anhyd. Tol (326 mL), stirred at rt under an Ar
atmosphere, and donor 15 (13.7 g, 21.2 mmol, 1.3 equiv.) and activated 4 A MS (3.4 g) were
successively added. The suspension was stirred for 15 min at rt, then cooled to -40 °C. After
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15 min of stirring at this temperature, TBSOTf (215 pL, 0.815 mmol, 0.05 equiv.) was slowly
added. After stirring for 2 h under Ar from -40 to -10 °C, a TLC control (Cyclohexane/EtOAc
7:3) showed complete consumption of the disaccharide 18 (Rf = 0.54) into a less polar product
(Rf =0.75). The mixture was cooled down to -60 °C and EtsN (204 uL, 1.47 mmol, 0.09 equiv.)
was then added for neutralization. The reaction mixture was stirred for 15 minutes at -60 °C
and then filtered on a pad of Celite®. The filtrate was concentrated under reduced pressure.
The residue was purified by flash chromatography (Cyclohexane/EtOAc 9:1 to 8:2) to give
trisaccharide 19 (17.9 g, 83 % over two steps) as a colorless oil. Trisaccharide 19 had *H NMR
(CDCls) 6 7.90-7.78 (m, 12H, Hamap), 7.53-7.44 (m, 9H, Hamap), 5.96-5.84 (m, 1H, CH=CH?2),
5.30 (dg, 1H, CH=CHy), 5.28 (dd, 1H, H-2,), 5.25 (dd, 1H, H-2¢), 5.21 (dq, 1H, CH=CH>), 5.10
(bs, 1H, H-1g), 5.06 (3d, 3H, CH2nap), 5.04 (bs, 1H, H-14), 4.82 (bd, 1H, H-1¢), 4.80-4.73 (3d,
3H, CHanap), 4.28 (dd, 1H, H-34), 4.23 (dd, 1H, H-3¢), 4.20-4.13 (m, 2H, H-3g, CH2a), 4.16 (bs,
2H, CHaca), 3.99 (dt, 1H, CHzan), 3.94 (t, 1H, H-2g), 3.85 (dq, 1H, H-54), 3.81 (dq, 1H, H-5¢),
3.68 (dq, 1H, H-5g), 3.54 (t, 1H, H-4¢), 3.45 (t, 1H, H-4s), 3.40 (t, 1H, H-44), 2.80-2.70 (m, 4H,
CHatev), 2.21 (s, 3H, CHaev), 1.26 (d, 3H, H-6¢), 1.24 (d, 3H, H-68g), 1.15 (d, 3H, H-64), 0.99 (t,
9H, CHsres), 0.93 (t, 9H, CHares), 0.69 (q, 6H, CHzres), 0.62 (g, 6H, CHztes). *C NMR (CDCls)
6 206.0 (COLev), 171.6 (CO2ev), 166.7 (COcp), 136.3 (Civnap), 136.1 (Civnap), 135.3 (Civnap),
133.4 (CH=CH.), 133.4 (Civnap), 133.3 (Civnap), 133.3 (Civnap), 133.1 (Civnap), 132.9 (Civnap),
132.9 (Civnap), 128.3-125.7 (Camap), 117.7 (CH=CH,), 101.5 (C-1g, *Jcn = 171.6 Hz), 99.1 (C-
1a, Ycn =173.0 Hz), 95.7 (C-1c, Jcn = 171.9 Hz), 81.2 (C-44, C-48), 79.7 (C-4c), 78.7 (C-28),
78.1 (C-3¢), 75.5 (CHanap), 75.3 (CHanap), 75.2 (CHanap), 74.5 (C-2¢), 73.3 (C-24), 72.7 (C-3s),
71.1 (C-34), 69.2 (C-5g), 68.6 (C-54), 68.3 (CHaai), 67.8 (C-5¢), 40.7 (CHaxcp), 38.1 (CHaLev),
29.8 (CHatev), 28.2 (CHaLev), 18.0 (C-64, C-68, C-6¢), 17.9 (C-68), 6.9 (CHasres), 6.8 (CHares),
5.0 (CHztes), 4.9 (CHaztes). HRMS (ESI*): m/z 1336.6191 (calcd for C73HgsClO16SioNH4
[M+NH4]* m/z 1336.6224)

2-O-Levulinoyl-4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—2)4-O-
(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-4-O-

(2-naphtylmethyl)-a/p-L-rhamnopyranose (20). [Ir] (103 mg, 0.12 mmol, 0.02 equiv.) was
dissolved in anhyd. THF (10 mL) and the solution was degassed repeatedly then stirred under
a satd. H, atmosphere for 30 min. The resulting yellow solution was degassed repeatedly
before being poured into a solution of trisaccharide 19 in anhyd. THF (67 mL). The mixture
was stirred under an Ar atmosphere at rt for 4 h. A TLC control (Cyclohexane/EtOAc 7:3)
showed complete conversion of the starting material (Rf = 0.62) into a less polar product (Rf =
0.64). A solution of NIS (1.64 g, 7.27 mmol, 1.2 equiv.) in 1:5 H>O/THF (34 mL) and then
additional H>.O (84 mL) were then poured into the mixture. After stirring for 4 h at rt, a TLC
control (Cyclohexane/EtOAc 7:3) showed complete conversion of the intermediate into a more
polar product (Rf = 0.35). Satd ag. Na>S0s (200 mL) and then EtOAc (500 mL) were added.

The ag. layer was extracted with EtOAc (2 x 250 mL) and the combined organic phases were
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washed with satd ag. NaHCO3 (200 mL) and brine (200 mL). The organic layer was dried over
anhyd. Na,;SO., filtered and concentrated under vacuum. The residue was purified by flash
chromatography (cHex/EtOAc 8:2 to 6:4) to give hemiacetal 20 (6.2 g, 80%, o/p 8:2) as a
yellow oil. The a anomer had *H NMR (CDCls) 6 7.90-7.77 (m, 12H, Hamap), 7.52-7.43 (m, 9H,
Harnap), 5.27 (bs, 2H, H-24, H-2¢), 5.20 (bs, 1H, H-14), 5.12 (bs, 1H, H-1g), 5.05 (d, 3H, CH2nap),
5.04 (bs, 1H, H-1c¢), 4.80-4.73 (2d, 3H, CHanap), 4.28 (dd, 2H, H-3a, H-3¢), 4.17 (m, 1H, H-3s),
4.15 (bs, 2H, CHxca), 4.01 (dq, 1H, H-5¢), 3.93 (dt, 1H, H-2g), 3.85 (dqg, 1H, H-54), 3.69 (dq,
1H, H-5g), 3.54 (t, 1H, H-4¢), 3.45 (t, 1H, H-4g), 3.40 (t, 1H, H-44), 2.80-2.70 (M, 4H, CHzLev),
2.21 (s, 3H, CHaLev), 1.24 (d, 3H, H-68), 1.23 (d, 3H, H-6¢), 1.15 (d, 3H, H-64), 0.99 (t, 9H,
CHares), 0.93 (t, 9H, CHares), 0.69 (g, 6H, CHzres), 0.62 (g, 6H, CHzres). *C NMR (CDCls) §
206.0 (COvev), 171.6 (COgzLev), 166.7 (COca), 136.3 (Civnap), 136.1 (Civnap), 135.3 (Civnap), 133.4
(Civnap), 133.3 (Civnap), 133.3 (Civnap), 133.1 (Civnap), 132.9 (Civnap), 132.9 (Civnap), 128.3-125.7
(Carnap), 101.4 (C-1g, Ycn = 171.6 Hz), 99.1 (C-1¢, YWJcn = 172.5 Hz), 91.4 (C-1a, YJcy=172.8
Hz), 81.2 (C-44, C-4c¢), 79.6 (C-4s), 78.8 (C-2g), 77.2 (C-3¢), 75.4 (CHanap), 75.3 (CHanap), 75.2
(CHanap), 74.7 (C-2¢), 73.3 (C-24), 72.7 (C-3g), 71.1 (C-34), 69.3 (C-58), 68.7 (C-54), 67.9
(CHzan), 67.8 (C-5¢), 40.7 (CHaca), 38.1 (CHaLev), 29.8 (CHsLey), 28.2 (CHaLev), 18.0 (C-64, C-65,
C-6¢), 17.9 (C-6g), 6.9 (CHsres), 6.8 (CHsres), 5.0 (CHazres), 4.9 (CHzres). HRMS (ESI*): m/z
1296.5878 (calcd for C7oHe1ClO16Si2NH4 [M+NH4]* m/z 1296.5891).

2-O-Levulinoyl-4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—2)4-O-
(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-4-O-

(2-naphtylmethyl)-a/p-L-rhamnopyranosyl N-(phenyltrifluoroacetimidate (21). To a
solution of hemiacetal 20 (5.74 g, 4.48 mmol) in anhyd. acetone (90 mL), stirred at rt, were
successively added PTFA-CI (1.07 mL, 6.73 mmol, 1.5 equiv.) and K>COs (1.24 g, 8.97 mmol,
2.0 equiv.). After stirring for 3 h at rt, TLC (Cyclohexane/EtOAc 7:3) showed complete
consumption of hemiacetal 20 (Rf = 0.35) into a less polar product (Rf = 0.67). The mixture
was filtered on a pad of Celite® and the filtrate was concentrated under reduced pressure. The
residue was purified by flash chromatography (Toluene/EtOAc 8:2 to 5:5) to give donor 21 (6.0
g, 91%, o/B 8:2) as a colorless oil. Imidate 21 had *H NMR (CDCls) §7.91-7.78 (m, 12H, Harap),
7.53-7.42 (m, 9H, Hamap), 7.30 (t, 2H, Harpn), 7.12 (t, 1H, Hapn), 6.90-6.82 (m, 2H, Harwpn), 6.18
(bs, 1H, H-1¢), 5.42 (bs, 1H, H-2¢), 5.29 (dt, 1H, H-24), 5.17 (bs, 1H, H-1s), 5.12 (bs, 1H, H-
14), 5.11-5.02 (m, 3H, CHanap), 4.82-4.73 (m, 3H, CHanap), 4.29 (dd, 1H, H-34), 4.24 (dd, 1H,
H-3c), 4.16 (bs, 2H, CHzca), 4.13 (dd, 1H, H-3g), 3.95 (bs, 1H, H-2s), 3.91 (dq, 1H, H-5¢), 3.84
(dg, 1H, H-5,), 3.71 (dq, 1H, H-5g), 3.64 (t, 1H, H-4¢), 3.48 (t, 1H, H-4g), 3.42 (t, 1H, H-4,),
2.83-2.71 (m, 4H, CHaLev), 2.22 (s, 3H, CHstev), 1.30 (d, 3H, H-6¢), 1.26 (d, 3H, H-6g), 1.16 (d,
3H, H-6,), 1.05-0.91 (m, 18H, CHares), 0.75-0.60 (m, 12H, CHares). 1*C NMR (CDCls) §206.3
(COLev), 171.6 (COgLev), 166.4 (COca), 136.3 (Civnap), 136.1 (Civnap), 135.3 (Civnap), 133.4
(Civnap), 133.3 (Civnap), 133.3 (Civnap), 133.1 (Civnap), 132.9 (Civnap), 132.9 (Civnap), 128.3-125.7
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(Camap), 101.4 (C-1g, Yoy = 171.6 Hz), 99.1 (C-1c, e = 172.5 Hz), 91.4 (C-1a, Wy = 172.8
Hz), 81.2 (C-4a, C-4c), 79.6 (C-4s), 78.8 (C-2s), 77.2 (C-3c), 75.4 (CHanap), 75.3 (CHanap), 75.2
(CHanap), 74.7 (C-2¢), 73.3 (C-2a), 72.7 (C-3s), 71.1 (C-3a), 69.3 (C-5g), 68.7 (C-54), 67.9
(CHaan), 67.8 (C-5¢), 40.7 (CHaca), 38.1 (CHatev), 29.8 (CHaLev), 28.2 (CHaLev), 18.0 (C-6a, C-68,
C-6¢), 17.9 (C-68), 6.9 (CHares), 6.8 (CHares), 5.0 (CHares), 4.9 (CHzres). HRMS (ESI*): m/z
1467.6174 (calcd for CzsHesCIFsNO16SiaNH4 [M+NH.J]* m/z 1467.6160).

Allyl 2-O-levulinoyl-4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—2)-
4-O-(2-naphtylmethyl)-3-O-triethylsilyl-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-4-
O-(2-naphtylmethyl)-a-L-rhamnopyranosyl-(1—3)-4,6-O-benzylidene-2-deoxy-2-
trichloroacetamido-B-D-glucopyranoside (13). To a solution of donor 21 (5.7 g, 3.93 mmol)
in anhyd. 3:1 Toluene/DCM (223 mL), stirred at rt under an Ar atmosphere, were successively
added acceptor 7 (3.56 g, 7.86 mmol, 2.0 equiv.) and activated 4 A MS (11 g). The suspension
was stirred for 15 min at rt, then cooled to -20 °C. After 15 min of stirring at this temperature,
TBSOTf (0.135 mL, 0.590 mmol, 0.15 equiv.) was slowly added. After stirring for 1 h under Ar
from -20 to 0 °C, TLC (Cyclohexane/EtOAc 7:3) showed complete consumption of donor 21
(Rf = 0.67) into a more polar product (Rf = 0.48). The mixture was cooled down to -40 °C and
EtsN (103 pL, 0.74 mmol, 0.19 equiv.) was added for neutralization. The suspension was
stirred for 15 minutes at -40 °C and then filtered on a pad of Celite®. The filtrate was
concentrated under reduced pressure. The residue was purified by flash chromatography
(Toluene/EtOAC 95:5 to 5:5) to give tetrasaccharide 13 (5.62 g, 84 %) as a colorless to yellow
oil. The ully protected 13 had *H NMR (CDClz) 67.90-7.78 (m, 12H, Harap), 7.70 (S, 1H, Harsz),
7.54-7.34 (m, 11H, 9Hamap, 2Hars21), 7.22-7.16 (M, 2H, Hasz), 7.04 (d, 1H, NH), 5.93-5.81 (dq,
1H, CH=CHy), 5.31 (d, 1H, CH=CHy), 5.27 (bs, 2H, H-2a, H-2¢), 5.22 (d, 1H, CH=CH,), 5.20
(bs, 1H, H-14), 5.12 (bs, 1H, H-1g), 5.05 (d, 3H, CHanap), 5.04 (bs, 1H, H-1¢), 4.80-4.73 (2d,
3H, CHanap), 4.28 (dd, 2H, H-3a, H-3¢), 4.17 (m, 1H, H-3g), 4.15 (bs, 2H, CHaca), 4.01 (dq, 1H,
H-5¢), 3.93 (dt, 1H, H-2g), 3.85 (dq, 1H, H-54), 3.69 (dg, 1H, H-5g), 3.54 (t, 1H, H-4¢), 3.45 (t,
1H, H-4g), 3.40 (t, 1H, H-44), 2.80-2.70 (m, 4H, CHaey), 2.21 (s, 3H, CHaey), 1.24 (d, 3H, H-
6g), 1.23 (d, 3H, H-6¢), 1.15 (d, 3H, H-64), 0.99 (t, 9H, CHasres), 0.93 (t, 9H, CHares), 0.69 (q,
6H, CHaes), 0.62 (g, 6H, CHzres). *C NMR (CDCls) 6 206.0 (COvey), 171.6 (CO2ie), 166.7
(COcn), 136.3 (Civnap), 136.1 (Civnap), 135.3 (Civnap), 133.4 (Civnap), 133.3 (Civnap), 133.3
(Civnap), 133.1 (Civnap), 132.9 (Civnap), 132.9 (Civnap), 128.3-125.7 (Camap), 101.4 (C-1g, YJcH =
171.6 Hz), 99.1 (C-1c, e = 172.5 Hz), 91.4 (C-1a, Wcn = 172.8 Hz), 81.2 (C-4a, C-4c), 79.6
(C-4g), 78.8 (C-28), 77.2 (C-3c), 75.4 (CHanap), 75.3 (CHanap), 75.2 (CHznap), 74.7 (C-2c), 73.3
(C-24), 72.7 (C-3p), 71.1 (C-34), 69.3 (C-5g), 68.7 (C-54), 67.9 (CHzan), 67.8 (C-5¢), 40.7
(CHaca), 38.1 (CHatev), 29.8 (CHatev), 28.2 (CHaiey), 18.0 (C-64, C-68, C-6¢), 17.9 (C-68), 6.9
(CHares), 6.8 (CHasres), 5.0 (CHzres), 4.9 (CHzres). HRMS (ESI*): m/z 1729.6128 (calcd for
Cs9H109ClaNO21SioNH4 [M+NH4]" m/z 1729.6145).
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Allyl a-L-rhamnopyranosyl-(1—2)-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-a-L-
rhamnopyranosyl-(1—3)-2-deoxy-2-trichloroacetamido-B-D-glucopyranoside (12). To a
solution of tetrasaccharide 13 (3.02 g, 1.76 mmol) in 3:2 Pyridine/AcOH (35 mL) stirred at rt,
was added NH2NH2-H>O (0.34 mL, 7.05 mmol, 4.0 equiv.). After stirring for 1 h at rt, a TLC
control (Cyclohexane/EtOAc 8:2) showed complete consumption of the starting material (Rf =
0.22) into a less polar product (Rf = 0.46). Satd aq. NaHCO3 (200 mL) and DCM (250 mL)
were added. The ag. layer was extracted with DCM (150 mL) and the combined organic phases
were washed with brine (150 mL). The organic layer was dried over anhyd. Na>SO, filtered,
co-evaporated five times with Toluene and concentrated under vacuum. The residue was then
diluted in Toluene (21 mL) and the mixture was cooled down to O °C. TFA (189 mL) was then
slowly added and the RM was stirred for 20 h at rt under an Ar atmosphere. A TLC control
(DCM/MeOH 8:2) showed complete consumption of the starting material (Rf = 0.9) into a more
polar product (Rf = 0.15). Solvents were evaporated under reduced pressure and co-
evaporations with Toluene (3 x 100 mL) then MeOH (3 x 100 mL) were performed. The residue
was purified by semi- preparative RP-HPLC (215 nm, 20.5% isocratic gradient of MeCN/Water
over 20 min) to give, after freeze-drying, the lightly protected ABC’D’ 12 (559 mg, 36%) as a
white powder. The lightly protected tetrasaccharide 12 had *H NMR (800 MHz, D;0), & 5.84
(m, 1H, CH=CHaan), 5.25 (m, 1H, Jyans = 17.3 Hz, CH=CHaai), 5.19 (m, 1H, Jus = 10.5 Hz,
CH=CHaan), 5.13 (dd, 1H, J23= 3.0 Hz, J21 = 1.9 Hz, H-2¢), 5.11 (d, 1H, J12= 1.3 Hz, H-1s),
4.86 (d, 1H, J12= 1.6 Hz, H-1¢), 4.86 (d, 1H, J12= 1.5 Hz, H-14), 4.66 (d, 1H, J12= 8.0 Hz, H-
1pb), 4.28 (m, 1H, CH>-CH=ay), 4.27 (d, 1H, Jgem=15.4 Hz, Hca), 4.23 (d, 1H, Jgem=15.4 Hz, Hca),
4.12 (m, 1H, CHa-CH=p1), 4.05 (m, 1H, H-5¢), 3.99 (dd, 1H, J23= 3.3 Hz, J21= 1.7 Hz, H-2,),
3.93(dd, 1H, Js4=9,7 Hz, J32= 3.1 Hz, H-3¢), 3.89 (dd, 1H, J23 = 4.7 Hz, J21 = 1.7 Hz, H-2g),
3.88 (d, 1H, Jes = 2.1 Hz, H-6bp), 3.86 (m, 1H, H-2p), 3.72 (m, 2H, H-3p, H-3,), 3.71 (d, 1H,
Je5 = 3.3 Hz, H-6ap), 3.69 (m, 1H, H-5g), 3.63 (dd, 1H, Jz4 = 9.9 Hz, J3> = 3.5 Hz, H-3g), 3.62
(m, 1H, H-54), 3.54 (dd, 1H, Jas = 9.9 Hz, J43 = 9.9 Hz, H-4p), 3.52 (dd, 1H, Ji5 = 9.8 Hz, Ja3
= 9.8 Hz, H-4¢), 3.42 (m, 1H, H-5p), 3.38 (dd, 1H, Js5 = 9.8 Hz, J43 = 9.8 Hz, H-4g), 3.37 (dd,
1H, Jas = 9.8 Hz, Ja3 = 9.8 Hz, H-44), 1.25 (d, 3H, Js5 = 6.2 Hz, H-68), 1.20 (d, 3H, Js5 = 6.4
Hz, H-64), 1.19 (d, 3H, Js5 = 6.4 Hz, H-6¢). *C NMR (800 MHz, D;0), 6 168.6 (COca), 164.7
(COnhc)cei), 133.0 (CH=CHaai), 118.7 (CH=CHzan), 102.3 (C-14), 100.5 (C-1g), 99.1 (C-1p),
98.5 (C-1¢), 91.6 (Civces), 81.7 (C-3p), 78.0 (C-28), 76.1 (C-5p), 74.5 (C-3¢), 73.4 (C-2¢), 72.2
(C-4c), 72.0 (2C, C-4, C-44), 70.8 (CH2-CH=an), 70.0 (2C, C-34, C-2,4), 69.9 (C-3g), 69.5 (C-
5g), 69.2 (C-5¢), 69.1 (C-54), 68.5 (C-4p), 60.7 (C-6p), 57.1 (C-2p), 40.7 (CHzca), 16.7 (C-68),
16.6 (C-64), 16.2 (C-6¢). HRMS (ESI*): m/z 895.1860 (calc. for C31Ha7ClsaNO1gNH4 [M+NH.]* :
895.184 0). RP-HPLC tr (210 nm): 18.04 min, tr (ELSD): 18.08 min.

Allyl a-L-rhamnopyranosyl-(1—2)-a-L-rhamnopyranosyl-(1—3)-[a-D-glucopyranosyl-
(1—3)]-2-O-chloroacetyl-a-L-rhamnopyranosyl-(1—3)-2-deoxy-2-trichloroacetamido--

D-glucopyranoside (P1). A 1 mL scale reaction was performed using 1 U.mL? of purified
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BRS-B A1 in presence of acceptor 12 (44 mg, 50 pumol, 50 mM) and sucrose (343 mg, 20
equiv., 1 M), in sodium acetate buffer buffer pH 5.1 for 16 h. Product P1 was purified by
automated fractionation on an Agilent 1260 Infinity HPLC using a C18.RP Fusion column by
means of a 20 min run eluting at a flow of 1 mL.min* with H,O/CH3CN 70:30 for 4 min and a
linear gradient of H,O/CH3CN 70:30 to 40:60 from 4 min to 11 min, followed by washing and
re-equilibration steps. Fractions containing the products as detected by UV were collected, and
re-analyzed by HPLC, using the same analytical conditions. Fractions containing a single peak
product were pooled, concentrated to dryness using a SpeedVac to give pentasaccharide P1
(1 mg, 2.3%) and analyzed (Figure S2).

Methods for enzymology

Production of the native GH70 branching sucrases and purification of BRS-B A1

The six branching sucrases were recombinantly expressed in E. coli as previously reported
(Vuillemin et al. 2014, 2016). Briefly, E. coli BL21 Star™ DE3 and E. coli BL21 Al competent
cells (Life Technologies) were transformed by pET53-55 plasmids containing the genes brsB
Al, brsC, brsD, brs, ANi123-GBD-CD2; and pBAD49 plasmid containing the gene brsA,
respectively. Twenty milliliters of LB-Miller medium, supplemented with ampicillin (100 pg.mL"
1), were inoculated with 100 uL of transformation mix and incubated overnight at 37 °C under

agitation (200 rpm).

Enzyme productions were performed in Erlenmeyer flasks with modified ZYM-5052 medium
(Studier 2005) that contains i) 0% lactose, 0% glucose, 0.5% glycerol and 0.01% L-arabinose
for BRS-A production, ii) 0.1% lactose, 0% glucose and 1% glycerol for BRS-B A1, BRS-C,
BRS-D, BRS-E production or iii) 0.75% lactose, 0.05% glucose and 1.5% glycerol for AN12s-
GBD-CD2 production (Vuillemin et al. 2014). All culture media were supplemented with
ampicillin (100 uyg mL™*) and inoculated with the corresponding starter culture at an ODgoonm Of
0.05. Cultures were incubated at 21 °C for 26 hours (BRS-A, BRS-B Al, BRS-C, BRS-D, BRS-
E) or 23 °C for 32 hours (ANi23-GBD-CD2) under agitation (150 rpm). Cells were then
harvested by centrifugation, dispersed in 50 mM sodium acetate buffer (pH 5.75) at a final
ODegoonm Of 80 for BRS-A, BRS-B Al, BRS-C, BRS-D, BRS-E, and an ODegonm 0f 30 for AN123-
GBD-CD2- Cells were disrupted by sonication and recombinant enzymes were recovered in
the soluble fraction after a cycle of centrifugation (15,500 g, 30 min, 8 °C) of the crude cell

extract.

The BRS-B A1 enzyme was purified by affinity chromatography onto nickel resins (Brison et
al. 2012). Briefly, cells were centrifuged and re-suspended in binding buffer (20 mM phosphate
sodium buffer, pH 7.4, 500 mM NacCl, 20 mM imidazole) at a final ODgoonm Of 200. After
disruption by sonication, centrifugation (18,000 g, 30 min, 4 °C) and filtration through a 0.22

116



pm Ministart® syringe filter (Sartorius), lysates were applied onto a 1 mL HisTrap FF® column
(GE Healthcare Life Sciences) that had been equilibrated with the binding buffer, using an
AKTAXpress system (GE Healthcare Life Sciences) kept at 10 °C. Proteins were eluted by a
400 mM imidazole step and immediately stored in a 5 mL loop for online automated re-injection
into a Superosel? resin (GE Healthcare Life Sciences). Elution of this gel filtration step was
performed during 3 h 30 with 50 mM sodium acetate buffer at pH 5.75 supplemented with 100
mM NacCl at a flow of 1 mL.min. Protein fractions were automatically collected and purity was
controlled by sodium dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE) using
Mini-PROTEAN® TGX Stain-Free™ precast gels (BioRad).

Measurement of enzyme activity on sucrose (DNS assay)

One unit of branching sucrase is defined as the amount of enzyme which catalyzes the
production of one micromole of fructose per min from 292 mM sucrose, at 30 °C, in 50 mM
sodium acetate buffer at pH 5.1 or pH 5.75. The enzyme activities were determined by
measuring the amount of reducing sugars using the dinitrosalycilic acid (DNS) method (Miller

1959), corresponding to the initial velocity of released fructose.

Enzyme screening for tetrasaccharide 12 glucosylation

After optimization of the reaction conditions (see Complementary Results of this chapter)
transglucosylation assays were performed at 30 °C in 50 mM sodium acetate buffer containing
0.34 mM CacCl,, pH 5.1, supplemented with 0.4 U.mL? of enzyme, 1 M sucrose, and 50 mM
tetrasaccharide 12 corresponding to an acceptor:sucrose molar ratio of 1:20. Reactions were

incubated in glass tubes for 16 h.

Analytical methods for the detection of glucosylated products

Glucose, fructose, leucrose and sucrose present in reaction medium were analyzed by
HPAEC-PAD (high performance anion exchange chromatography with pulsed ampero-metric
detection), using a CarboPac TM PA100 analytical column (4 mm x 250 mm) coupled with a
CarboPacTM PA100 guard (4 mm x 50 mm). Product separation was performed using a
sodium acetate gradient (6—500 mM) in 150 mM NaOH over 45 min (1 mL/min).

Tetrasaccharide and related glucosylated products were analyzed The analyses were carried
out on a LC-MS platform composed of a Dionex/Thermo Scientific™ HPLC UltiMate 3000
system with VW Detector, coupled to Thermo Scientific™ LTQ Orbitrap Velos™ hybrid FT

mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA).

Reaction media were diluted 5 times in H.O/acetonitrile (70:30, v/iv) + 0.08% trifluoroacetic
acid (TFA). The presence of residual tetrasaccharide 12 and glucosylated products

(pentasaccharides P1 and P2 and poly-glucosylated products) was determined using a C1sRP
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Fusion (4 um, 80 A, 250 x 4.6 mm) analytical column placed in an oven at 30 °C. The flow rate
was set to 1 mL.min and the solvent system consisted of H.O, and acetonitrile (ACN). Elution
started with an initial 20 % ag. ACN for 15 min, then was increased to 80 % ag. ACN within 15
min, which was held for 5 min, followed by a decrease to 20% aq. ACN within 0.1 min, held for
11 min to re-equilibrate the column. The injected sample amount was 10 yL and samples

temperature was kept at 4 °C. UV absorption spectra were monitored at 220 nm wavelength.

Mass detection was carried out in a positive heated electrospray ionization (HESI) mode. Mass
spectrometer settings were as follows: spray voltage 4.0 kV, capillary and desolvatation
temperature were 400 and 450 °C respectively, maximum injection time 50 ms in Full Scan
mode (500 - 1900 m/z). Nitrogen was used as sheath gas (pressure 75 units) and auxiliary gas
(pressure 20 units). The automatic gain control (AGC) was set at 1e6 for full scan mode with
a mass resolution of 60,000 (at 400 m/z). Data acquisition was performed using Thermo
Scientific Xcalibur software.

Determination of the structure of product P1 by NMR spectroscopy

The samples were dissolved in DCl-containing D,O at pH 5.1. For NMR studies, the samples

were lyophilized three times and dissolved in 180 pL of 99.9% DCl-containing D20O.

All NMR spectra were recorded on a Bruker Avance spectrometer operating at a proton
frequency of 950 MHz (TGIR- RMN-THC Fr3050 CNRS, Gif-sur-Yvette) and at a carbon
frequency of 238 MHz with a 5-mm gradient indirect cryoprobe. All spectra were processed
and analyzed with Topspin software (Bruker) and Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco). 'H and *C 1D NMR spectra were
accumulated at 25 °C, 65536 data points were acquired with 32 and 2048 scans respectively
for proton and carbon experiments. *H-*C HSQC HMBC and COSY experiments were
performed at 298 K. Homo and heteronuclear spectra were recorded under the following
experimental conditions: 512 increments of 2048 complex points are acquired with an
accumulation of 16 scans. Spectral widths were 16025 Hz for protons dimension and 44267
Hz for carbon dimension. The structural characterization of P1 essentially derived from NMR
analysis and was based firstly on the previous resonance assignments of the tetrasaccharide
12 NMR spectra. The comparison of the HSQC spectra (Figure 3A and B); showed shifted
resonances of the glucosylated positions and adjacent atoms observed; the glucosylated 6D’
carbon was shifted toward higher frequency from 61.78 ppm to 65.87 ppm, while the adjacent
5D’ was shifted to lower frequency, from 76.23 ppm and 74.51 ppm, while the neighbor 4D’
found slightly shifted around 0.1 ppm in its two H and *3C resonances. The cross-correlation
peaks between shifted resonances were assigned using Heteronuclear Multiple-Bond

Correlation spectroscopy (HMBC) and COSY experiments (Figure S4).
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Supporting Schemes and Figures

Scheme S1: Synthesis of hemiacetal 17 from diol 16 with intermediates shown.!

OAIl OAll OAIl

OH
(a) b (c)
Napow —— > Nap0_/sL ®) _ NapoZF7  — > NapoZF0
TESC
HO  on OH TESO GLev TESO Glev
16 s1 s2 17

IReaction conditions: (a) TESCI, DIPEA, MeCN, 74%; (b) DCC, DMAP, LevOH, DCM, 74%; (c) (i) [Ir],
THF, (i) 12/NaHCOs, THF/H20 5:1, 89% (/B 4:1).

Scheme S2. Synthesis of Trisaccharide 19 from the Fully Protected Disaccharide 18.1

OAIl

OAll OAIl
o NapO
NapO NapO
o oc Napow
NapO NapO TESO
TESO Olev TESO Olev
NapO
TESO

18 S3 OlLev

1Reaction conditions. (a) NH2NH2.H20, Pyridine/AcOH 3:2; (b) 15, TBSOTf, 4A MS, PhMe, -20 °C.
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Figure S1: HPLC-UV chromatograms: comparison of initial (to) and final time (tr) after 16 h of reaction

in presence of BRS-B A1 1 U/mL, sucrose (1 M) and tetrasaccharide 12 (T12) (50 mM) at pH 5.1 in 500

UL reaction. The acceptor conversion yield was calculated as follows: W x 100: BRS-B
initial

A1 yielded 31.3% conversion of the acceptor X. The main product of conversion was P1, which was

further purified for structure elucidation by NMR.
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Figure S2: HPLC-UV chromatogram of the isolated P1.
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Figure S3: 'H-'H QDF-COSY spectrum at 950 MHz of pentasaccharide P1. Positive and negative peaks
are shown in black and red, respectively. The resonances of the E unit and the shifted resonances of

the D’ unit (5D’, 6D’a and 6D’s) compared to those of tetrasaccharide 12, are labeled.
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Supporting Tables

Table S1. Transglucosylation of tetrasaccharide 12 using six recombinant branching sucrases of the GH70 family in optimized conditions (acceptor:sucrose
ratio 1:20 (50 mM/1 M)). The ratio acceptor:sucrose used was 1:20 (50 mM/1 M) after 16 h of reaction with 0.4 U/mL of enzymes.

P1 P2 ) Conversion based on
) ) Poly-glucosylated products Conversion based on Sucrose
Enzyme (relative  (relative ) ) acceptor _
(relative area %)2 acceptor glucosylation (%) ) consumption (%)°¢
area %)® area %)? consumption (%)¢
BRS-A 0.42 1.37 0.66 2.45 6 97.2
BRS-D 0.81 1.23 3.28 5.32 11.2 100
AN123-GBD-

0.7 0.66 1.93 14.3 97.2
Cbh2 3.29

BRS-B A1 21.41 1.1 0.25 28.9 96.8
21.76

BRS-C 2.16 1.06 0.28 35 8.2 97.1

BRS-E 13.35 0.68 0.68 14.71 12.8 96.8

aThe relative area was calculated by dividing the area of the UV peak (or sum of the UV peaks for poly-glucosylated products) by the total area of the acceptor
and product UV peaks.

final |  final final
AP1 +AP2 +APolyglucosylated 100
Alitial x

B Acceptor conversion calculated as follow: Conversion =

initial _ ,final
A1z Ay,

¢ The acceptor conversion was calculated using the formula: Conversion = x100. The sucrose consumption was calculated after HPAEC-PAD

Alnitial
12
. o = Adiigl— Al
analyses using the formula: Sucrose consumption = = mar e x100.
sucrose

dThe tetrasaccharide acceptor consumption of 24.8% was calculated for a 50 pL scale reaction using 0.4 U/mL
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MS data

The following figures show the high-resolution mass spectrometry analysis for each reaction medium. Mass ranges of specific ions corresponding
to NH4* or Na*® adducts of the different glucosylation products were extracted. All data were in accordance with theoretical predictions of m/z for

the different products. Trace amounts corresponding to an intensity below 10° were not considered for quantification.
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m/z detected for BRS-A
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m/z detected for BRS-D
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m/z detected for GBD-CD2
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m/z detected for BRS-B

RT: 0.00-46.00 SM: 5B

2171

X + 1 glucosyl

NL: 2 79E7

miz=
1057.03855-1057 46145 F:
FTMS + c ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_tf

19.31

21.45

X + 2 glucosyl

21.02 t

NL: 6.55E6

miz=

1224.00515-1224 49485 F:
FTMS + c ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_ff

20.52

X + 3 glucosyl

NL: 3.31E5

miz=
1385.97275-1386 52725 F:
FTMS + ¢ ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_{f

092

7.02

11.76

200 207 538 T

9.16
9.23

| 935
-

911

6.52 11.83

1263

16.35

1764 19.58 H

170 1364 ]_15-9% EU-QJ\ ”

X + 4 glucosyl

3557 3767
2387 p450 2807 3077 3165 I
P — e v L

NL: 6.62E3

m/z=
1547.94035-1548 55965 F:
FTMS + c ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_tf

2252
X + 5 glucosyl

20.88 36.89

B

120 35, X+ 6 glucosyl

3293 33.86

25867 26.86 28.50
| Jn 1

4053 42.41

22.34 32.39

2295

21.02 28.74 3052

24.73 3948 4273
I I

4539

NL- 367E3

m/z=
1709.90795-1710.59205 F:
FTMS + c ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_{f

NL: 2.05E3

m/z=
1871.87555-1872.62445 F:
FTMS + ¢ ESI Full ms
[500.00-1900.00] MS
2019-02-20_BRS-B_1_{f

6 8 10 12

L LI LI L L |

14

LI N B I B I O ¢

18

16

LN B I B B B R B I |
24 26 28 30
Time (min)

LI I I B B I B B |

36

LI B I N B I B B

T
32 38 40 42 44

127



m/z detected for BRS-C
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m/z detected for BRS-E
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Complementary Results

This complementary part briefly presents additional results concerning the preliminary
screening performed using the six native branching sucrases with sucrose and tetrasaccharide
12, followed by an optimization of the reaction conditions resulting in those presented in the

chapter Il (article formatted for publication as a communication).

Preliminary screening
Transglucosylation assays were first performed at 30 °C in 50 mM sodium acetate buffer

containing 0.34 mM CacCly, in a miniaturized 20 pL reaction volume at pH 5.75, which is the
optimal pH for these enzymes, and supplemented with 0.4 U.mL™ of enzyme, 150 mM sucrose,
and 50 mM tetrasaccharide 12 corresponding to an acceptor:sucrose molar ratio of 1:3.
Reactions were incubated for 16 h. Analysis of the reaction products by HPLC-UV-MS
revealed that all enzymes could readily transfer a glucosyl unit onto acceptor 12 to synthesize
two mono-glucosylated products, namely P1 and P2, confirmed by mass spectrometry (Figure
Cl). BRS-B A1 produced the highest amount of P1 product. Another peak with a mass
corresponding to tetrasaccharide 12 without its chloracetyl protecting group ([M+NH.]* =

819.27), and named tetrasaccharide 22, was detected in all reaction media in significant

amounts.
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Figure C1: Chromatograms of the HPLC-UVzonm analysis for the enzymatic glucosylation of
tetrasaccharide 12 by six selected GH70 branching sucrases after 16 h of reaction in presence of
sucrose (150 M) and tetrasaccharide 12 (50 mM) at pH 5.75. The region between 12.4 and 13.9 minutes
is represented in the top left square. The initial time (to) is indicated as reference. P1 (RT = 13.5 min),
P2 (RT = 13.8 min): mono-glucosylated products of the enzymatic glucosylation. A shift in molecular
mass by 162 Da, characteristic of glucosylation, was observed for P1 and P2. A molecule corresponding
to a dechloroacetyl form of tetrasaccharide 12 (named tetrasaccharide 22) was detected, in significant
amounts.
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In this preliminary screening, analytical separation was performed as follows: the reaction
media were diluted 10 times in H,O. The presence of residual tetrasaccharide 12 and
glucosylated products (pentasaccharides P1 and P2) was determined using a C1gsRP Fusion
(4 um, 80 A, 250 x 4.6 mm) analytical column placed in an oven at 40 °C. The flow rate was
setto 1 mL.min? and the solvent system consisted of H,O, and acetonitrile (ACN). The gradient
program was as following: it started with an initial 100 % H,O for 15 min, then was increased
to 67 % ACN within 2 min. Re-equilibration of the column was performed for 5 min with 100 %
H20O. The injected sample amount was 10 uL and samples temperature was kept at 4°C. UV

absorption spectra were monitored at 220 nm wavelength.

As observed, retentions times were not consistent through multiple injections (for example for
tetrasaccharide 22, retention time varied between 12.75 and 12.85 min). This was attributed
to sample dilutions in H.O and more generally to the viscosity of the reaction media. Later,

dilution in a mixture of H,O and ACN allowed to obtain more consistent retention times.

Optimization of the sucrose and acceptor concentrations and their molar ratio

Optimization of the synthesis of the glucosylation products was carried out at pH 5.75 with 1
U/ml of BRS-B A1 enzyme in the presence of various acceptor initial concentrations (25, 50
and 75 mM, respectively), and different acceptor:donor ratio (1:3 and 1:12; 1:9, 1:12 and 1:20;
1:9 and 1:12, respectively) (Figure C2). The best compromise between acceptor consumption
and appearance of the product was found to be 50 mM of tetrasaccharide 12 and 1 M of

sucrose (ratio 1:20).
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Figure C2: UV peak area of the product P1 detected after reactions using BRS-B A1 at 1 U/mL, at pH
5.75. Optimization of the reaction conditions was performed by varying the initial sucrose concentration
(225, 300, 450, 675, 900 or 1 000 mM) and the initial tetrasaccharide 12 concentration (25, 50, or 75
mM), resulting in different molar ratio [tetrasaccharide 12]/[sucrose] (1:9, 1:12 and 1:20) Circle cross:
negative control with no enzyme
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Optimization of the pH of reaction
Instability of the tetrasaccharide 12 at pH higher than 5 could be an issue in larger-scale

enzymatic synthesis of mono-glucosylated products. Previous work on the enzyme BRS-B A1
(Vuillemin et al. 2016) showed that it could cope with pH change and remain active between
pH 3.5 and 7, with respectively 40 % and 30 % of relative activity compared to the optimal
activity at pH 5.75. We therefore decided to lower the pH to a value of 4.5. As shown in Figure
C3, tetrasaccharide 12 conversion is equivalent for reactions performed at pH 4.5 and 5.75
with the same amount of product detected, while only traces of tetrasaccharide 22 were
detected in more acidic conditions (Figure C3). However having lost 60 % of relative activity
compared to the optimal pH and looking for the best compromise between enzyme activity and
tetrasaccharide 12 stability, we decided to use a pH of 5.1 (see Main results of this chapter).
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Figure C3: UV peak areas of the tetrasaccharide 12 (T12), tetrasaccharide 22 (T22) and the product
P1 detected in initial and final times of reactions at pH 5.75 and 4.5. Optimization of the pH of the
reaction using 1 U/mL BRS-B A1 with 50 mM of tetrasaccharide 12 and 1 M of sucrose, during 16 h of
reaction. Lowering the pH allowed a better stability of tetrasaccharide 12 with only traces of
tetrasaccharide 22 detected. Conversion of tetrasaccharide 12 was not impacted and the same amount
of product P1 could be detected.

Similar analyses were performed by collaborators at Pasteur Institute (presented below).
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Figure C4: Stability analysis of tetrasaccharide 12 over time at 10 mM or 50 mM in an aqueous solution
at different pH. Data reflect the proportion of dechloroacetylated tetrasaccharide 22 relative to the total
tetrasacharide content ([22]/([22]+[12])) based on monitoring by RP-HPLC-UV210nm.

Since the CA ester had to comply with conditions most suitable for a transglycosylase-
mediated glucosylation, these observations prompted the evaluation of tetrasaccharide 12
integrity over time for a range of pH (4.45 — 6.3). RP-HPLC analysis demonstrated ABC’'D’
stability at pH below 5 (Figure C4). At pH 6.3, the hydrolyzed product 22 was clearly visible at
six hours (1.8%), to reach 8% after a day while steadily increasing over time (over 37% after
seven days). As expected, reducing the pH was found favorable. At pH 5.75, as used by default
for enzymatic glucosylation mediated by GH70 a-transglucosylase, hydrolysis remained visible
to provide tetrasaccharide 22 in close to 5% amount after 24 hours. At pH 4.45,
dechloroacetylation was hardly visible reaching 0.5% and 2% after one and six days,
respectively, while no other degradation product could be detected. Tetrasaccharide 12 was
considered to be stable at this pH. At pH 4.85, the presence of tetrasaccharide 22 was detected
to a 1.8% and 3% extent at one and six days, respectively, suggesting that the upper pH limit
for long term stability was reached. This tendency was confirmed when running the analysis

at pH 5.1. Under these conditions, partial dechloroacetylation was detected at 4 h (0.7%) to

133



then rise slowly over time (1.25% after 24 h). Moreover, increasing the concentration of ABC’'D’

by a factor five to reach 50 mM, had a positive impact and the extent of dechloroacetylation

(0.8% of 22) observed during a 24 h timeframe, which exceeds that of the enzymatic

glucosylation step (16 h, see below), was considered to be acceptable (Figure C5).
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Figure C5: Stability of tetrasaccharide 12 in an aqueous solution (10 mM or 50 mM) at different pH as
estimated from the proportion of tetrasaccharide 22 relative to the total amount of tetrasaccharide
([22]/([22]+[12])), present at 24 h in the solution, based on RP-HPLC-UV210nm analysis.
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CHAPTER Il

Summary: This chapter presents the use of an available collection of mutants of the branching
sucrase AN123-GBD-CD2 for the glucosylation of the target tetrasaccharide molecule and the
characterization of a product representative of S. flexneri prevalent serotype 3a, as well as the
modelling studies performed to understand the impact of the mutations on tetrasaccharide

recognition and glucosylation.

Main achievements: Modulation of the production of two mono-glucosylated products was
achieved with mutants of AN:123GBD-CD2, depending on the introduced mutation. Some
mutants displayed higher product yields than parental enzyme. One mutant was selected for
the production and characterization of the product P2, further shown to be representative of
Shigella flexneri serotype 3a. Some mutants were found able to form novel products compared
to the parental enzyme, namely P2’, P3 and hexasaccharide H1. Effects of the mutations on
the tetrasaccharide recognition and glucosylation were investigated using molecular

modelling.

Contributions to the work: Tetrasaccharide was chemically synthesized by L-A. Barel at the

Pasteur Institute.

| produced the mutant enzymes in recombinant form, screened their activity, and purified the
products as well as the mutants of interest for further characterization. All the modelling work

was performed by A. Ben Imeddourene.

The structure of the pentasaccharide products was elucidated by 2D NMR by A. Ben

Imeddourene. High resolution mass spectrometry was performed by H. Barbier.
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Redirecting substrate regioselectivity using engineered AN123-GBD-
CD2 branching sucrases for the production of S. flexneri 3a, 4a and
4b pentasaccharide repeating units

Introduction

Carbohydrate-active enzymes have emerged as a practical synthetic alternative to chemical
catalysts, avoiding multiple steps of protection and deprotection required in chemistry to control
the reactivity of the sugar hydroxyl groups and the reaction regio- and stereo-selectivity.
Although Nature has evolved enzymes to achieve specific needs, native carbohydrate-active
enzymes are versatile biocatalysts, catalyzing a wide range of chemical reactions and often
displaying naturally a relaxed substrate specificity. This promiscuity can be further exacerbated
by enzyme engineering to either broaden or narrow down the range of recognized substrates
and/or control the reaction selectivity (reviewed in (Benkoulouche et al. 2019)). In particular,
mutagenesis targeting the enzyme active site has led to tremendous achievements to alter
substrate specificity and diversify the structures of accessible glyco-products. In recent years,
our group has been particularly active in this field, notably by engineering sucrose-active a-
transglucosylases from GH13 and GH70 families, to produce a variety of carbohydrate
derivatives and glyco-conjugates (Champion et al. 2012; Verges et al. 2015; Champion et al.
2009a; Malbert et al. 2018). In particular, the amylosucrase from Neisseria polysaccharea, a
GH13 sucrose-active enzyme, was purposely tailored to act on chemically modified substrates
and produce glucosylated derivatives programmed to enter various chemo-enzymatic
pathways combining in the most convenient manner chemical and enzymatic steps involved
in the synthesis of antigenic oligosaccharides. In the continuity of these studies, we recently
tested the ability of branching sucrases - native GH70 sucrose-active transglucosylases
specialized in dextran branching - to glucosylate regio-selectively a lightly protected
tetrasaccharide (tetrasaccharide 12 in Chapter Il named herein ABC’D’) and obtain
pentasaccharide precursors of Shigella flexneri serotype-specific haptens that could enter in
the composition of broad coverage vaccines. Altogether six branching sucrases were
assessed and found to produce majorly a mono-glucosylated product called P1, harboring the
specific a-1,6 glucosylation pattern of S. flexneri serotype 4a/4b, trace amounts of a second
mono-glucosylated tetrasaccharide named P2 that remained uncharacterized due to limited
availability, as well as a range of poly-glucosylated products. Among the tested enzymes, one
of the most intriguing ones was the so-called AN123-GBD-CD2 branching sucrase (Fabre et al.
2005; Brison et al. 2012), as it was the most efficient to glucosylate the tetrasaccharide of
interest, although in a multitude of poly-glucosylated products in addition to P1 and P2. This
enzyme is however interesting as it is the only GH70 branching sucrase of known three-

dimensional structure to date. Its molecular dynamics was studied in details through multi-level
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modelling methods that revealed the high flexibility of several loops surrounding the catalytic
pocket, which could play a beneficial role in the recognition of a broader range of acceptors.
Furthermore, (semi-)rational engineering of this enzyme enabled the diversification of bulky
flavonoid glucosides (Malbert et al. 2018). A small and focused mutant library targeting four
amino acid residues from acceptor subsites +1, +2 and +3 of the catalytic pocket, was
constructed by saturation mutagenesis. Screening assays enabled the identification of a small
set of 22 highly promiscuous variants displaying remarkably improved activities toward several
flavonoid acceptors (luteolin, morin, naringenin, quercetin, apigenin and chrysin) and
producing a novel diversity of flavonoid glucosides.

In light of these encouraging results, we undertook herein the screening of this focused library
for the glucosylation of tetrasaccharide ABC’D’ in the hope that we can identify mutants with
distinguished selectivity. Indeed, we hypothesized that the mutations introduced in the
acceptor subsites could help to re-orient catalytically productive binding of the bulky
tetrasaccharide, diversify the glucosylation pattern or improve the yield of the two
pentasaccharides originally synthesized by the parental enzyme. Upon screening, we
identified mutants that produced new compounds, pentasaccharide P3 and hexasaccharide
H1. Six mutants, containing single, double or triple substitutions were selected for further
characterization as they produced higher amounts of P1 and P2 pentasaccharides than the
parental ANi23;-GBD-CD2 branching sucrase and/or the new products P3 and H1l. The
structure of pentasaccharide P2 was characterized and shown to be representative of the S.
flexneri 3a prevalent serotype (Livio et al. 2014). The synthesis of both P1 and P2 showed that
the introduced mutations drive the glucosylation toward one extremity or the other of the
tetrasaccharide ABC’D’ (A vs D’). To identify determinants possibly involved in the control of
the regioselectivity, we used Molecular Dynamics (MD) simulations combined with in-depth
analyses of amino acid residue networks.

This study highlights the potential of GH70 branching sucrase engineering for
glucodiversification of a S. flexneri tetrasaccharide backbone as well as control of the reaction
regioselectivity. These promising results pave the way for a more exhaustive reshaping of
branching sucrase active site to further extend the panel of accessible glucosylation patterns
and ultimately, provide synthetic tools for the development of broad coverage vaccines against

S. flexneri.

Results & Discussion

Screening of the mutant library

The glucosylation of tetrasaccharide ABC’D’ had to be conducted at pH values lower than the
optimal pH (pH 5.75) of these enzymes (Passerini et al. 2015; Vuillemin et al. 2016) to avoid
deterioration of the chloroacetyl protecting group (Chapter Il). To that extent, we first checked
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the activity of the parental and mutant enzymes on sucrose only at pH 4.7, for which the
tetrasaccharide was stable. The activity decreased with pH for all the tested enzymes and
some mutants were more affected than others (Figure 1). Without establishing the pH profile
of each enzyme, it is difficult to provide a rational interpretation explaining the effect of changes
in pH on each enzyme activity as both their Ky and Vmax can be affected by the pH variations.
Nonetheless, all the mutants retained activity and could thus be further tested for the
subsequent glucosylation of the tetrasaccharide ABC’D’. To limit the quantity of
tetrasaccharide used, the acceptor reactions were first miniaturized down to 10 uL volume and

performed at pH 4.7 in the presence of 50 mM of tetrasaccharide ABC’D’ and 1 M of sucrose
as previously described (Chapter II).
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Figure 1: Determination of the activity on sucrose of parental AN123-GBD-CD2 branching sucrase and
its 22 mutants, at pH 4.7 (red) and pH 5.75 (blue). The activity was determined using the DNS assay
with 100 g/L sucrose. The enzymes were more active at pH 5.75, consistent with results already
determined for BRS-B A1 branching sucrase (Vuillemin et al. 2016).

With the exception of mutant W2135F-F21361 (the least active mutant on sucrose alone at pH
4.7), all variants were able to glucosylate the tetrasaccharide ABC’D’ into two mono-
glucosylated tetrasaccharides whose liquid chromatography retention times and mass value
correspond to previously reported P1 and P2 pentasaccharides found to be synthesized by
native branching sucrases (Chapter II). P1 and P2 were produced in varying amounts
depending on the mutant (Figures 2 and S1).
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Figure 2: Stacked bar chart of the P1 and P2 amounts formed by AN123-GBD-CD2 branching sucrase
and its mutants from 10 pL reaction volume. Pentasaccharides P1 (orange) and P2 (blue).

Results of mutant W2135S-F2136L were taken from the experiment performed at a 50 uL scale.

* No glucosylation observed.

In these miniaturized conditions, parental AN123-GBD-CD2 branching sucrase was found to
exclusively produce P2 while it was shown in Chapter Il to produce P1, P2, and several poly-
glucosylated products. Comparison of the product profiles led to the identification of three main
families depending on the products mostly observed (Figure 2). The first group gathers 6
mutants (W2135F, W2135L-F2136L, W2135S-F2136L, W2135C-F21361, W2135C-F2136N
and W2135I-F2136C), out of the 21 active ones, which showed a partial or total loss of ability
to produce P2, but produced however almost exclusively P1. Conversely, the second group
comprises 6 mutants (F2163L-D2164E-L21661, W2135V, A2162E-F2163L, L2166l, F2163G
and F2163L) that produce P2 in higher amounts than parental AN123-GBD-CD2 while still
forming P1 in varying amounts. In the third group are found all 9 remaining mutants that either
displayed similar product profile to parental enzyme (mutant W2135I-F2136Y) or lost most of
their ability to glucosylate tetrasaccharide ABC’D’.

Interestingly, it should be noted that mutations favoring formation of P1 were found at residues
W2135 and F2136 (located in the first shell of the acceptor subsites +2/+3, in the characteristic
motif V of GH70) while mutations generally favoring formation of P2 were located in the first
shell (L2166) and in the second shell (F2163) of the acceptor subsites +1 and +2, respectively.
In the seminal work that led to the construction of the mutant library, these amino acids were
targeted with the aim of gaining space in order to better accommodate bulky flavonoid

molecules in the acceptor subsites (Malbert et al. 2018). We hypothesized that the same
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mutations could also help to accommodate the large tetrasaccharide ABC’D’, which harbors
bulky protecting groups, in a catalytically productive manner. It turned out that substituting the
cumbersome residues W2135 and F2136 by smaller residues such as leucine or serine
favored formation of P1. Conversely, the substitution of F2163 by aliphatic and more flexible
residues (glycine, isoleucine, leucine) favored formation of P2. Other bulky residues like
histidine (mutants W2135N-F2136H or F2163H) led to less formation of products than with the
parental enzyme. Altogether, these results reveal the possibility to balance the production of
P1 and P2 depending on the mutations introduced in the active site.

As previously mentioned, we did not detect the production of P1 in the reactions carried out
with parental AN1,3-GBD-CD2 at 10 pL scale and pH 4.7 which differs from results obtained
with reactions in 50 pL volume at pH 5.1 (Chapter II). Such discrepancies could result from the
weaker activity observed on sucrose at pH 4.7 and less accurate screening in smaller volumes.
To confirm the product profiles, we selected mutants distinguishable from their product
specificity and reproduced the glucosylation experiment at 50 pL scale and pH 5.1 to limit the
effect of lowering pH on enzyme activity and stability.

Reaction scale-up of selected mutants

Three mutants producing P2 in higher amounts (F2163G, L2166l and F2163L-D2164E-
L21661) and three mutants producing favorably P1 (W2135S-F2136L, W2135I-F2136C and
W2135L-F2136L) were used for scaling-up the reaction. Acceptor reactions were carried out
at 50 pL scale and pH 5.1 using 1 U/mL enzyme, 50 mM of tetrasaccharide ABC’D’ and 1 M
of sucrose. At this scale, differences were observed in the product profiles compared to those
obtained for reactions performed at 10 uL scale. First, parental AN123-GBD-CD2 branching
sucrase was here found able to produce also small amounts of P1, as well as poly-glucosylated
products as previously reported in these conditions (Chapter Il). We confirmed that the three
enzymes mutated at positions 2135-2136 formed majorly P1. Interestingly, they also yielded a
third mono-glucosylated product called herein P3, not observed in 10 pL scale reactions and
also not found for the parental enzyme. Detected only in traces, it was not possible to isolate
enough P3 for NMR structure elucidation. These three mutants also produced a poly-
glucosylated tetrasaccharide, named H1, substituted by two additional glucosyl moieties.
However, it remained unclear whether this double glucosylation occurred at the same or
distinct positions. Of note, this hexasaccharide displayed a different retention time (tr= 19.45
min) (Figure S2) from the poly-glucosylated products described in Chapter Il (tr = 21.45 min),
suggesting different molecular structures. Interestingly, the poly-glucosylated products
produced by the parental enzyme with up to 6 glucosyl units transferred were not produced by
the mutants (Figure S2). Regarding the three other mutants targeting positions 2163 and 2166,
we confirmed their inclination to produce preferentially P2, although only mutant F2163G was

finally able to outperform parental AN1.3-GBD-CD2 branching sucrase (Figure 3).
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Figure 3: Detection of products formed by AN123-GBD-CD2 branching sucrase and six selected mutants.
The bar plot illustrates the amount of pentasaccharides (P1 (orange), P2 (cyan), P3 (gray)) and the
hexasaccharide (H1 black) produced by ANi23-GBD-CD2 and the mutants F21361-D2164E-L2166I,
F2163G, L2166l, W2135L-F2136L, W2135S-F2136L and W2135|-F2136C, detected by mass
spectrometry coupled with HPLC-UV (wavelength at 220 nm). Reactions were performed in presence
of 1 M sucrose and 50 mM tetrasaccharide ABC’D’, during 16 hours reaction using 1 U/mL enzymes
at pH 5.1 and 30°C.

Production and structural characterization of novel pentasaccharides

F2163G mutant was selected for further production of P2 at larger scale. The mutant was
purified to homogeneity and used in a 2 mL reaction in the presence of 50 mM of
tetrasaccharide acceptor and 1 M sucrose donor, during 16 h of reaction. Reaction products
were analyzed by HPLC-UV-HRMS which revealed that P2 was in fact a mixture of two co-
eluted products that we called respectively P2 and P2’. A mixture of P2/P2’ (~ 2 mg) was first
isolated but it did not allow structural characterization of the products. Therefore, we undertook
a new enzymatic reaction followed by a two-step purification of P2 and P2’. About 5 mg of P2’
could then be obtained which allowed its structure elucidation by NMR analysis in combination
with previous resonance assignments of ABC’D’ NMR spectra. Data showed that
glucosylation of ABC’D’ occurred at OH-4,, leading to allyl [a-D-glucopyranoside-(1—4)]-a-L-
rhamnopyranosyl-(1—2)-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-a-L-

rhamnopyranosyl-(1—3)-2-deoxy-2-trichloroacetamido-3-D-glucopyranoside, also named
E(1—4)ABC’D’, or P2’ in HPLC analysis. P2 was further characterized to be glucosylated at
OH-34, corresponding to allyl [a-D-glucopyranoside-(1—3)]-a-L-rhamnopyranosyl-(1—2)-a-L-

rhamnopyranosyl-(1—3)-2-O-chloroacetyl-a-L-rhamnopyranosyl-(1—3)-2-deoxy-2-
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trichloroacetamido-B-D-glucopyranoside, also named E(1—3)ABC’D’, or P2 in HPLC analysis
(Figure 4).
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Figure 4: Structures of pentasaccharides P2 and P2’ (E(1—3)ABC’D’ and E(1—4)ABC’D’, respectively)
characterized by NMR spectroscopy.

In details, analysis of HSQC spectra showed shifted resonances of the glucosylated positions
and adjacent atoms observed (Figure S3); the glucosylated 4A carbon was shifted toward
higher frequency from 72.17 ppm to 81.21 ppm, while the adjacent 3A and 5A were shifted to
lower frequency, from 70.12 ppm and 69.21 ppm to 68.28 ppm and 68.38 ppm, respectively.
The cross-correlation peaks between shifted resonances were assigned using Heteronuclear
Multiple-Bond Correlation spectroscopy (HMBC) experiments (Figure S3C), and the Double
Quantum Filtered COrrelation SpectroscopY (QDF COSY) experiments (Figure S4).

The resonance assignments of P2 was extracted from NMR spectra representative of a mixture
of products (referenced below as a mixture including pentasaccharides P2 and P2’, as well as
at least one dechloroacetylated pentaccharide) and was performed firstly by the subtraction of
signals known to belong to the spectra of the P2’ isomer (Figure S5A). The E units belonging
to P2 resonance was found by subtraction of P2’ and dechloroacetylated tetrasaccharide
signals. All connectivities of the latter E units were found by QDF-COSY spectrum (Figure S6).
The inspection of the HSQC spectrum showed that only the resonance of 3A from the non-
superimposed tetrasaccharide peaks, was shifted, the 4A and 4B were superimposed in the
tetrasaccharide spectrum. This observation suggested two assumptions; the glucosylation
occurred on 3A or on 2A of the tetrasaccharide. It is known that a glucosylation leads to slightly
lower frequency shift of the adjacent resonance of the glucosylated position. However, no peak
was observed in the anomeric region (Figure S5B), which confirmed that the glucosylation
position is the 3A. The HMBC spectrum showed the cross-correlation peak of the E units and

the assigned 3A resonance.
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Structural insight on the impact of the mutations on the regioselective glucosylation of
tetrasaccharide ABC’D’

Results described above revealed that glucosylation can occur either on D’ (P1) or A’ (P2)
moiety of the tetrasaccharide depending on the mutations introduced in the active site of AN123-
GBD-CD2 branching sucrases. This suggests that tetrasaccharide can bind in at least two
distinct modes in the active site and still be glucosylated by the enzyme. To further investigate
at atomic level the versatile binding mode of the tetrasaccharide acceptor, we used
computational methods to understand the influence of the mutations on activity toward sucrose
donor and on the selective glucosylation of acceptor substrate (Figure 4). In particular, MD
simulations (of various lengths: 1 us, 100 ns and 2 ns) were carried out in free form or in
complex with sucrose or formed products P1 or P2, for parental AN123-GBD-CD2 branching
sucrase, and its mutants F2163G, W2135S-F2136L, and W2135I-F2136C. The free energy
landscapes (FELs) from the two first eigenvectors of each 1 ys MD simulation reflect the
structure and dynamics perturbation due to the mutations on the global motion of the enzymes
(Figure 5). Interestingly, the mutants W2135S-F2136L, and W2135I-F2136C showed a high
resemblance in their FEL; the lowest energy basins shifted to the positive value for the first
eigenvector. Furthermore the negative regions of this eigenvector were more populated than
the parental enzyme, while the second component does not seem affected by the mutations.
The F2163G mutant exhibited the broadest FEL indicating the high flexibility of this mutant.
The principal component analyses, performed on the whole enzymes, reported therein provide
the trend of the global dynamics modes. However, to understand the impact of the mutations
on product profiles, further analyses on the active sites should be carried out. Thus, MD
simulations were analyzed using Fruchterman-Reingold algorithm and the spin-glass algorithm
to identify the amino acid network in the active site and define corresponding amino acid
clusters (also called communities). Network analysis is often used in biology to understand cell
functional organization via protein network or to clusterize metagenomics sequences (Pell et
al. 2012; Marbouty et al. 2014). Network analysis derived from MD simulations (correlation
matrix) were previously used to identify with success the signaling pathways in bacterial
glutamyl-tRNA synthetase (GIURS):tRNA®Y and an archaeal leucyl-tRNA synthetase
LeuRS):tRNA complexes (Sethi et al. 2009). In the current study, we used graph theory to
map the distance matrices of the active site residues and examine the effect of the mutation
on the catalytic pocket topology, and possibly relate it to the product profile. To our knowledge,
this is the first time such approaches are used in this context, providing essential information

on the catalytic behavior of this family of enzymes.
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Figure 5: Free energy landscape (FEL) of AN123-GBD-CD2, F2163G, W2135I-F2136C and W2135I-
F2136C were determined using as reaction coordinates the projection of the first and second principal
components from one microsecond MD simulation of the free ligand form for each system. The bottom
legend shows the color scale of the logarithm of FEL in J. mol?

Except for the parental enzyme, the clustering algorithm found 5 communities (I (orange), Il
(green), lll (red), IV (yellow) and V (cyan) ) (Figure 6); for all mutants the residues 2689 to 2694
form the cluster II, while the clusters | (orange) and Il (green) were gathered in one single large
cluster in the case of the parental enzyme. The F2163G mutation weakened the interaction
inside the community Il compared to the parental enzyme and other mutants. Furthermore,
the cluster Il in the case of the F2163G mutation had a different localization, nearby the cluster
V. Remarkably, this proximity between these two communities situated on both sides of the
active site led to the clear separation of clusters | and IV (Figure 6). Interestingly, mutants
W2135S-F2136L and W2135I-F2136C, which display the same product profile, showed a high
similarity in their networks and community interactions: (i) all the vertices of the cluster Il are

linked to the two clusters | and IV; (ii) all nodes belonging to the cluster Il are connected to
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each other with the exception of S2135 and L2167 residues in the case of mutant W2135S-
F2136L; (iii) the two leucines 2166 and 2167 from cluster Il bridged the clusters I, Il and IV
except the L2167 residue in the case of mutant W2135S-F2136L; (iv) the community V is
connected to cluster IV and not to cluster I.

In the present study, the population shifts observed in Figure 6 could help to explain the
variability of product profiles between parental enzyme and its mutants. Furthermore, our
graph analysis illustrates the thermodynamical displacement toward one conformation or
another among the different mutants. Preexistence of such conformation changes is also
underlined by the correlation found between the network derived from MD simulations and the
product profiles of mutants W2135S-F2136L and W2135I-F2136C obtained from distinct
acceptors (tetrasaccharide studied herein, Figure 2, and flavonoids (Malbert et al. 2018)).

Active site networks are represented on 3D structures of the free ligand forms of the enzymes
(Figure 6) and mutations are highlighted in the modelled complexes with pentasaccharides
(Figure 7). Mutation of the bulky residues W2135 and F2136 clearly results in a gain of space
that facilitates the accommodation of the bulky protecting groups of residue D’ and allowed the
acceptor to be oriented with the OH-6p in a catalytically more favorable conformation to
produce P1 (Figure 7). The higher amount of P1 obtained for variant W2135S-F2136L in
comparison to variant W2135I-F2136C (Figure 3) could result from the re-orientation of S2135
residue toward the solvent (Figure 7), further widening the +1 subsite. This conformation is
reflected by the absence of edge between the S2135 and L2167 mentioned above (Figure 6).
The flexibility of the loops surrounding the active site in the mutant F2163G was increased due
to the introduction of the glycine residue that could destabilize the interactions mediated by
this F2163 residue and thus leading to variations of the RMSD and high B-factor values
observed for F2163G mutant compared to parental enzyme (Figure S7). The population shift
in this case led to more proximity between the clusters Il and V. In this topological organization,
the displacement of the loop containing residues W2135 and F2136 toward community V
disfavors the accommodation of the tetrasaccharide with C’ and D’ moieties in productive
conformation for P1 production. Indeed, the simulation illustrates that the closeness of the loop
containing the residues W2135 and F2136 to L2166 and L2167 from cluster V, promoting a
bent conformation of the pentasaccharide, with the D’ well stacked to the W2135 and F2136
residues through strong C-H 1 interactions. These favorable interactions could compensate
for the entropy loss due to this conformation bending in comparison to the parental enzyme for
which the C’ and D’ moieties are found rather exposed to the solvent. Altogether, this could

help to better glucosylation of the A moiety in mutant F2163G.
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AN,,;-GBD-CD2

Figure 6: Comparison of network communities (left) and structural representation (right) derived from
MD analysis.

Left: Active site residues network presented by spring layout using Fruchterman-Reingold algorithm
from distance matrixes from 1us MD simulations of the parental AN123-GBD-CD2, the F2163G mutant,
and the double mutants W2135S-F2136L and W2135I-F2136C. Amino acid communities highlighted
with orange, red, green, yellow and cyan colors were found by spin-glass algorithm, the catalytic, the
transition state stabilizer, and the mutated residues are labelled respectively by “cat”, “tss” and “mut” for
each corresponding graph. Right: View of active site residue clusters from the spin-glass algorithm for
the parental AN123-GBD-CD2 and the mutants F2136G, W2135S-F2136L, and W2135I-F2136C. The 5
communities are presented by | (orange), Il (green), Il (red), IV (yellow) and V (cyan). Three dimensional
structures are taken from the low energy regions of the free energy landscapes of each system (Figure
5).
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Figure 7: View of the active sites of mutants
W2135S-F2136L and W2135I-F2136C in
complex with their preferred product P1 (left)
and mutant F2163G in complex with favored
product P2 (right). Parental AN123-GBD-CD2 is
shown in presence of P1 and P2 for reference
purpose.

The 3D coordinates were taken from the last
frames of the simulated annealing pursued by 2
ns MD simulation of each complex.



Effect of mutations on the sucrose kinetics of mutants

To investigate further the effect of mutations on sucrose utilization, we determined kinetic
parameters on sucrose of the parental AN123-GBD-CD2 branching sucrase and its mutants
F2163G and W2135S-F2136L. Mutant W2135I-F2136C was discarded from this evaluation as
it displayed the same profile as W2135S-F2136L. The parental AN123-GBD-CD2 enzyme and
its mutants displayed Michaelis-Menten kinetics for hydrolysis of the sucrose substrate (Figure
S9). Interestingly, Ku, Vmax and kcar Values were not consistent with those that we previously
reported on AN123-GBD-CD2 (Brison et al. 2012) which were performed at 5.4 instead of 5.1
in our case. Moreover, in this latter study, the purification of the enzyme was performed by
renaturation of unfolded proteins extracted from inclusion bodies. The difference in enzyme
preparation could also affect apparent kinetic parameters. A K, value of 7.5 mM with a Vmax of
36.3 ymol.mint.mg?® was earlier reported at pH 5.4 for the parental AN23-GBD-CD2. In
comparison, these parameters determined at pH 5.1 revealed no variation of Ky but a 2-fold
gain in Vmax.

When comparing the kinetic parameters of ANi23-GBD-CD2 with the mutants F2163G and
W2135S-F2136L, we note a ~3.5-fold decrease of Ky and a 4.5 fold increase of Vmaxindicating
that the mutations have affected both parameters (Table 1).

Table 1: Determination of kinetic parameters (Km, Vmax and kcat) for sucrose hydrolysis of AN123-GBD-
CD2 parental enzyme and mutants F2163G and W2135S-F2136L.

Values were obtained by the least square fit of the Michaelis-Menten equation (Table S1) and using
increasing concentrations of sucrose (ranging from 10 to 300 mM), at pH 5.1 and 30°C with 0.25 U/mL
of purified enzymes.

AN,,-GBD-CD2  W2135S-F2136L F2163G
KM suc (mM) 30.47 +7.22 8.75+1.03 7.02+1.15
VmaX, suc 77.50 + 6.09 17.67 £ 0.42 16.82 £ 0.45
(umol.min’l.mg'l)
K s 161.7 £12.71 36.9 +0.88 35.1+0.94
cat, suc

The impact of the mutations on the topology and dynamics of the active site for the mutants
studied by MD simulations is clear (Figure 6), and this behavior could thus affect the enthalpy
component of the free binding energy. The perturbation of the enzyme structure by the
introduction of mutations could also affect the pKa of the catalytic residues (Ludwiczek et al.
2013). The free energy landscapes taken from the two eigenvectors from the MD simulations
of the free ligand enzymes (Figure 5) and in complex with sucrose (Figures S9) revealed a

different behavior of the enzymes. Except for the F2163G mutant, which showed a tightened
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free energy landscape for its complex with sucrose, the effect of sucrose binding on parental
enzyme and the mutants W2135S-F2136L and W2135S-F2136L is not clear. This analysis
suggests that the effect of the mutation on sucrose consumption is more dominated by

enthalpy variation than the loss of entropy.

Conclusion

Overall, our study shows how amino acid substitutions introduced in the acceptor subsites +1,
+2 and +3 of AN123-GBD-CD2 branching sucrase could drastically shift the preferred binding
mode of a non-natural tetrasaccharide acceptor, a lightly protected precursor in the synthesis
of S. flexneri haptens, and thereby control its regioselective glucosylation. From the screening
of a focused library of 22 mutants earlier reported (Malbert et al. 2018), we identified 6 mutants
exhibiting singular product profiles with respect to the parental enzyme which was earlier
reported to produce mainly an uncharacterized mono-glucosylated product P2. By introducing
a limited number of mutations, up to three, it was possible to drive the transglucosylation
toward one extremity or the other of the tetrasaccharide ABC’D’ (A vs D’), producing in
different amounts four distinct pentasaccharides (P1, P2, P2’, and P3) of which two are
characteristic of S. flexneri serotype-specific pentasaccharide repeating units (S. flexneri
serotype 4a/db for P1 and prevalent serotype 3a for P2). Interestingly, two of these
pentasaccharides (P2’ and P3) and an additional di-glucosylated tetrasaccharide (H1) were
not produced by parental AN123-GBD-CD2.

Molecular dynamics simulations were further carried out and analyzed in details using a graph
approach that enabled to map distance matrices of active site residues along the simulation.
The resulting amino acid residue networks computed for parental enzyme and its mutants
revealed very interesting features and specific patterns of residue interactions that helped to
understand product profile specificity. Taken together, this information enabled to shed some
light on the molecular and dynamical determinants responsible for the regioselectivity of the
tetrasaccharide transglucosylation as well as activity toward sucrose.

Given the diversity of products obtained upon introduction of just a few mutations in the very
exposed active site of AN1,3-GBD-CD2, having more than 50 residues within 10 A radius of
the sucrose in its productive conformation, one can hope that purposely re-designing
branching sucrase active site using computer-aided engineering methods could enable further
glucodiversification and improve enzyme catalytic efficiency. Such strategies will undoubtedly
provide major opportunities in the near future to develop biocatalysts needed for the
development of chemo-enzymatic routes toward Shigella flexneri serotype-specific haptens

that could enter in the composition of broad coverage vaccines.
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Material & Methods

Bacterial strains, plasmids and chemicals
The same biological material and chemicals previously described (Chapter Il) were used

herein.

Production of the library of AN123-GBD-CD2 in flasks
The library of 22 mutants previously constructed (Malbert et al. 2018) was here produced in
50 mL flasks according to the procedure described in Chapter II.

Sucrose activity assay of the library of AN123-GBD-CD2 branching sucrases

After recovery of the enzymes in the soluble fraction (Chapter Il), the activity on sucrose was
assayed on sucrose in 1 mL format using the DNS method as previously described (Chapter
II). One unit of activity is described as the amount of enzyme necessary to release one

micromole of fructose in one minute at pH 5.75 (or pH 5.1 or pH 4.7 when stated) and 30°C.

Acceptor glucosylation reaction of the library of AN123-GBD-CD2 branching sucrases
The enzymatic glucosylation assays were performed in miniaturized format at 10 pL or 50 pL
scale in glass inserts in the optimized conditions described previously (Chapter Il). The final
concentrations of the acceptor ABC’D’ and sucrose donor were 50 mM and 1 M, respectively.
When the scale was 10 pL, only 0.07 U/mL enzyme was added in order to normalize the
amount on the less active enzyme, whereas when the scale was 50 pL, 1 U/mL enzyme was
added. Reactions were stopped by diluting them 5 times in a solution of HyO/acetonitrile
(70:30) containing 0.08% of TFA, allowing at the same time to stabilize the products. The

reaction mixture was used for HPLC-MS analysis.

Analytical methods used for carbohydrate separation and detection

The carbohydrate content of the reaction mixtures were separated using a CisRP Fusion
analytical column (4 pm, 80 A, 250 x 4.6 mm) and detected using UV detection at 220 nm
coupled with low resolution mass spectrometry detection.

Reactions performed in 10 pL scale as well as samples collected after purification of the
products were analyzed using the following method: 20 min of separation with an isocratic step
of H,O/ACN 70:30 from O to 4 min and a linear gradient H,O/ACN 70:30 to 40:60 from 4 min
to 11 min, followed by washing and re-equilibrations steps, at a flow of 1 mL.min, at 40°C.
Reactions performed at 50 pL scale with AN123-GBD-CD2 enzyme and mutants W2135I-
F2136C, W2135S-F2136L and F2163G were analyzed using HPLC-UV coupled with high

resolution mass spectrometry with a separation method previously described (Chapter II).
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Production and purification of enzymes

AN123-GBD-CD2, and mutants W2135S-F2136L and F2163G were produced in 1 L scale using
the same method described as above but for 24 h instead of 32 h in order to avoid accumulation
of aggregated or degraded forms. Purification was then performed using the same method as

in Chapter II.

Synthesis pentasaccharide products P2 and P2’

Synthesis of the mixture of P2/P2’ mono-glucosylated products was achieved in a 2 mL scale
reaction using 1 U.mL"? of purified F2163G mutant with 50 mM ABC’D’ acceptor (88 mg) and
1 M sucrose donor (685.96 mg), during 16 h of reaction. After stopping of the reaction (dilution
5 times in HO/ACN + 0.08% TFA) the sample was analyzed in HPLC-UV, then purified using
an automated fraction collector. After re-analysis of the fractions by HPLC-UV, the ones
containing pure product P2/P2’ were pooled, acetonitrile was evaporated using a rotavap, and
the samples were frozen at -80°C and lyophilized prior to re-suspension in DO and NMR
analyses.

In a second synthesis performed in a 1.5 mL scale (66 mg acceptor and 514.47 mg sucrose),
two rounds of purification were performed in order to isolate P2’ from the mixture P2/P2’. The
reaction was stopped by diluting the sample 2 times in H.O/ACN (40:60) + TFA 0.16%.
Maodifications were applied to the elution method of the second round of purification, first an
isocratic step was applied at 20% of acetonitrile during 30 min then a 10 min gradient was
applied to reach 60% acetonitrile, and the column was re-equilibrated for 11 min at 20%
acetonitrile. After automatic collection and re-analysis by HPLC-UV, the fractions containing
pure product were evaporated to dryness using a SpeedVac, and re-suspended in D,O prior
to NMR analyses.

NMR experiments

The samples were dissolved in DCI-containing D,O at pH 5.1. For NMR studies, the samples
were lyophilized three times and dissolved in 180 pL of 99.9% DCI-containing D20.

All NMR spectra were recorded on a Bruker Avance spectrometer operating at a proton
frequency of 950 MHz (TGIR- RMN-THC Fr3050 CNRS, Gif-sur-Yvette) and at a carbon
frequency of 238 MHz with a 5-mm gradient indirect cryoprobe. All spectra were processed
and analyzed with Topspin software (Bruker).

!H and *C 1D NMR spectra were accumulated at 25 °C, 65536 data points were acquired with
32 and 2048 scans respectively for proton and carbon experiments. 'H-13C HSQC
(Heteronuclear Single Quantum Coherence spectroscopy), HMBC
(Heteronuclear_single_quantum_coherence_spectroscopy) with Jcn log range of 3.5 Hz, and
Double Quantum Filtered COrrelation SpectroscopY (QDF COSY) (Rance et al. 1983)

experiments were performed at 25 °C. Homo and heteronuclear spectra were recorded under
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the following experimental conditions: 512 increments of 2048 complex points are acquired
with an accumulation of 16 scans. Spectral widths were 16025 Hz for protons dimension and

44267 Hz for carbon dimension.

Kinetic parameter determination

Kinetic parameters on sucrose were determined using 0.25 U/mL of purified enzymes at pH
5.1 and 30°C. Sucrose was used in increasing concentrations ranging from 0 to 300 mM in
order to determine catalytic efficiency. Reactions were stopped by heating the samples at 95°C
for 2 minutes and analyzed by HPLC-CAD on HPX-87C columns. When sucrose is used as
sole substrate, the enzymes adopted a Michaelis-Menten behavior (Johnson and Goody
2011). The ke, Vm and Km values were determined and catalytic efficiency was defined as the

ratio Keat/ Km.

Computational procedures

MD simulations were performed with the AMBER ff14SB (Cornell et al. 1995) force-field for
enzymes and GLYCAM_O06j-1 (Kirschner et al. 2008) for sugar ligands. Carbohydrate
oligomers were constructed using tleap program from AMBER software package (Pearlman et
al. 1995). The chemical protecting groups; chloroacetyl and allyl carried by chloroacetyl a-L-
rhamnopyranoside (C’) and allyl N-trichloroacetyl-B-D-glucosaminopyranoside (D’) units
respectively were constructed by Avogadro software (Hanwell et al. 2012), the trichloroacetyl
of D’ was obtained through substitution of acetyl hydrogens by chlorine atoms. Quantum
mechanical calculations were performed using the Gaussian software package. Geometries
were optimized using the Gaussian default optimization criteria. The HF/6-31G* level of theory
was employed. Resulting partial charges were fitted using restrained electrostatic potential
(RESP) (Bayly et al. 1993) with 0.01 charge restraint weight (Woods and Chappelle 2000).
The valence bond, angle, and torsional parameters of protecting groups were derived from
gaff force field. Nevertheless, original GLYCAM geometrical parameters of sugar rings were
conserved.

The 3D model for the parental enzyme was based on ANi23-GBD-CD2 PDB ID: 3TTQ (Brison
et al. 2012). Mutants F2163G, W2135S-F2136L and W2135I-F2136C were constructed using
Rosetta3 software (Richter et al. 2011). The X-ray conformations were conserved for all amino
acids except for the residues targeted by mutation for which the side chain rotations were
permitted. The H++ webserver was used to determine the protonation state of ionisable
residues at pH 5.75 at which the activity of AN123-GBD-CD2 and its mutants was experimentally
tested. The enzyme:sucrose complexes were built by superposing AN1,3-GBD-CD2 and its
variants to the inactive mutant of GTF180, PDB ID: 3HZ3 containing sucrose in the active site
(Vujicic-Zagar et al. 2010). Furthermore, this sucrose binding structural knowledge was used
for docking pentasaccharides; ABC[E(1—6)]D’ and [E(1—3)]JABC’D’ (P1 and P2, respectively)
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in the active site. The strategy consisted on taking the coordinates of the glucosyl moiety from
sucrose for the glucosyl of the pentasaccharides. Then, the simulated annealing (from 0 to 350
k in 10 ps and vice versa) of the systems in vacuum with harmonic positional restraints of 50.0
kcal/mol/A? on the enzyme and glycosyl unit, and the sugar pucker rings of ABC’D’ was carried
out for each system.

MD simulation were performed using the NAMD program (Phillips et al. 2005) for the Apo
forms. The complex systems MD simulations were done by pmemd.CUDA (Salomon-Ferrer et
al. 2013) supporting the mixed scaling of 1-4 non-bond electrostatic and van der Waals
interactions (Kirschner and Woods 2001) of amino acids and sugars.

MD simulations were performed at constant temperature (303 K) and pressure (1 bar) using
the Berendsen algorithm (Berendsen et al. 1984). The integration time-step was 2 fs and
covalent bonds involving hydrogen were constrained using SHAKE (van Gunsteren and
Berendsen 1977). The non-bonded pair-list was updated heuristically. Long-range electrostatic
interactions were treated using the particle mesh Ewald (PME) approach (Darden et al. 1993).
Non-bonded interactions were treated with a 9 A direct space cut-off. All enzyme systems were
neutralized with Na* ions (Aqvist 1990) (minimal salt condition), in explicit TIP3P water
molecules (Jorgensen et al. 1983); the primary boxes were rectangular with solvent extending
10 A around the enzymes. The water molecules and counterions were energy-minimized and
equilibrated at 100 K around the constrained solute for 100 ps in the NVT ensemble; the entire
system was then heated incrementally over 100 ps from 100 to 300 K in 5 K steps with
harmonic positional restraints of 25.0 kcal/mol/A? on the solute atoms. The MD simulations
were continued in NPT, without notable change in volume. The positional restraints were
gradually removed over 250 ps and followed by the production phase. MD snapshots were
saved every 1 ps. The lengths of MD simulations were 1 s for the free ligand forms, 100 ns

for enzyme:sucrose complexes and 2 ns for enzyme:pentasaccharides complexes.

Principal Component Analyses (PCA), Root Mean Square Deviation (RMSD), B-factors, Free-
energy landscape (FEL) analysis were carried out as described in our previous study of AN12s-
GBD-CD2 branching sucrose (Ben Imeddourene et al. 2018). The active site residues average
distance matrices from MD simulation were built using cpptraj (Roe and Cheatham 2013). The
latter distance matrices were employed for the graph analyses based on the Fruchterman-
Reingold algorithm (Fruchterman and Reingold 1991) and the spin-glass algorithm (Epskamp

et al. 2012) implemented in R software (R Development Core Team 2018) by Borsboom group
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Figure S1: Products formed by AN123-GBD-CD2 branching sucrase and its mutants in presence of 1 M
sucrose and 50 mM ABC’D’, after 16 h reaction at pH 4.7 and 30°C, using between 0.003 and 0.037
U/mL enzymatic activity (black diamonds) and detected by mass spectrometry coupled with HPLC-UV
(wavelength at 220 nm). The two main pentasaccharide products are P1 (orange) and P2 (cyan).

* represents the mutant W2135F-F21361 that was not able to glucosylate tetrasaccharide ABC’D’ in
these conditions.
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Figure S2: Comparison of product profiles obtained with AN123-GBD-CD2 branching sucrase and its
mutants W2135I-F2136C, W2135S-F2136L and F2163G after 16 h of reaction in presence of sucrose
(1 M) and tetrasaccharide ABC’D’ (50 mM) at pH 5.1 using 1 U/mL enzyme and 30°C.

HPLC-UV220nm analysis was performed. A zoom of the product region located between 16 and 22.3
minutes is shown. P1 (tr = 21.65 min), P2 (tr = 21.9 min), P3 (tr = 16.4 min) and H1 (tr = 19.45 min):
products of the enzymatic glucosylation. A shift in molecular mass by 162 Da, characteristic of the
glucosylation, was observed for P1, P2 and P3 and a shift of 362 Da was observed for the H1 (m/z
detected by HRMS indicated below each product and corresponding to Na* or NH4* adducts in positive
mode). Other poly-glucosylated products detected for parental AN123-GBD-CD2 branching sucrase
are listed in Chapter II.
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Figure S3: 1H-13C HSQC spectra of the C2, C3, C4 and C5 resonances (A) and the anomeric region
(B) of P2’ pentasaccharide. The 'H-3C HMBC illustrates the correlation between the E and A units (C).
The shifted resonances, compared to the tetrasaccharide, were labeled in red color. All spectra were

acquired at 950MHz.
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peaks are showed in black and red respectively. The E and A units connectivities are plotted and the

corresponding peaks are labeled.
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Figure S5: 1H-13C HSQC spectra of the C2, C3, C4 and C5 resonances (A) and the anomeric region
(B) of the mixture. The *H-13C HMBC illustrates the correlation between the E and A units of P2 and P2’
(C). The shifted resonances of the P2’, compared to the tetrasaccharide, were labeled in red color and
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Figure S7: Analysis of MD simulations. (A): B-factors were calculated as function of enzyme amino acid
residues along 1pus of MD simulation of the parental AN123-GBD-CD2 (black), the mono mutant F2163G
(green), and double mutants W2135I-F2136C (blue) and W2135S-F2136L (red). The regions pointed
by the arrows are those discussed in the text. (B) Carbon a atoms Root Mean Square Deviation of
AN123-GBD-CD2 (black line), W2135I-F2136C (red line), W2135S-F2136L (blue line) and F2163G

(green line), with respect to parental AN123-GBD-CD2 X-ray structure (PDB ID: 3TTQ) were calculated
as a function of simulation time
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Figure S8: Free energy landscape (FEL) of enzyme:sucrose complexes of parental AN123-GBD-CD?2,
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Figure S9: Initial velocities of sucrose hydrolysis activity of parental AN123-GBD-CD2, and mutants
F2163G and W2135S-F2136L. Determination of kinetic parameters was performed using increasing
concentrations of sucrose (ranging from 10 to 300 mM), at pH 5.1 and 30°C with 0.25 U/mL of purified
enzymes. The curves obtained by the least square fit are represented by the red continuous line and
residual standard deviations are depicted by dashed red lines and the area between them is highlighted

by gray color.

Supporting Tables

Table S1: The parameters extracted from the fitted Michaelis-Menten equation equation of N number
experimental data having R2 correlation coefficient with fit P-value. The Km and Vmax are given with
them standard deviation. The fisher values versus the hypothesis of linear fits calculated were
significantly higher than the F-table values for vi=1 and v2=4 or 3 from F-table provided between

brackets for a=0.05

Enzyme N R2 Km Vmax P-value F-stat

AN,,-GBD-CD2 6 0.95  30.47+7.22  77.50#6.09 0.001  70.95 (7.71)

F2163G 5 0.97 8.75+1.03 17.67+0.42 0.0002 151.92 (10.13)

W2135S-F2136L 6 0.93 7.02+1.15 16.82+0.45 0.0004 67.75 (7.71)
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Complementary Results

This complementary part presents additional results about the biophysical and biochemical
characterization of ANi23-GBD-CD2 and its mutants. Stability studies were performed, in
particular the difference in melting temperature between the mutants and the parental enzyme
was determined. Stabilizing effect of sucrose was demonstrated using the inactive mutant
E2248Q. Finally, branching reactions using the natural acceptor of these enzymes, dextran,
were performed and the branching ratio was calculated and compared to that of the parental

enzyme.

Biophysical characterization: determination of the melting temperatures by Differential
Scanning Fluorimetry

Stability of the enzymes AN123-GBD-CD2, AN123-GBD-CD2 W2135S-F2136L and AN123-GBD-
CD2 F2163G as well as the inactive mutant AN123-GBD-CD2 E2248Q mutated on the catalytic
acid/base residue were assessed by determining their melting temperature (Tm) in differential
scanning fluorimetry (DSF) experiments. 15 pL enzyme (final concentration of 5 pmol.L) was
mixed with 5 pL of SYPRO Orange dye 40X. Melting curves were collected using a real-time
gPCR apparatus. The thermal shift was evaluated from melting curves. Effect of sucrose on
the stability of the enzyme was assessed using an increasing concentration of 1, 10 and 100
mM sucrose with the inactive mutant AN23-GBD-CD2 E2248Q.

The mutants F2163G and W2135S-F2136L had a first Ty of 32.9°C and 34.7°C, respectively,
while the parental enzyme and inactive mutant had a T of 35.7°C and 35.9°C, respectively.
They also both displayed a second Tz of 42.2°C (Figure C1 and Table C1). The loss of the
second melting temperature by the mutants could be explained by a different unfolding
dynamic, where parental enzyme and inactive mutant could be partially folded up to 42°C,
which could be the case for example if there was an upkeep of one particular domain of the
GH70.

It should be noted that the parental enzyme quickly lost its activity at 37°C (data not shown),
this loss of activity could be explained by the dynamical population shift of the loops

surrounding the active site or by the unfolding of the domain A.
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Figure C1: Melting temperature curves of ANi23-GBD-CD2, inactive mutant E2248Q and mutants
W2135S-F2136L, F2163G determined by differential scan fluorimetry

Table C1: Melting temperature interval values of ANi23-GBD-CD2, inactive mutant E2248Q and
mutants, F2163G, W2135S-F2136L determined by differential scan fluorimetry experiments repeated

three times.

Enzyme Tm1(°C) Tm2 (°C)
AN123-GBD-CD2 35.7 42.2
AN123-GBD-CD2 E2248Q 35.9 42.2
AN13-GBD-CD2 F2163G 32.9
AN123-GBD-CD2 W2135S-F2136L 34.7
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Figure C2: Melting temperature curves of AN123-GBD-CD2 inactive mutant E2248Q determined in
presence of increasing concentrations of sucrose by differential scan fluorimetry

The stabilizing effect of sucrose was determined using the inactive mutant E2248Q (Figure
C2) as it is unable to hydrolyze sucrose. With increasing concentrations of sucrose (1, 10, 100
mM) the second Tm2 was increased (+1.3°C, +2.5°C, +6°C, respectively). Surprisingly, the first
Tm1 was not affected by the increase of sucrose concentration. This stabilizing effect could be

explained by the sucrose binding to the glucan binding domain V or other domains.

Table C2: Melting temperature interval values of AN123-GBD-CD2 inactive mutant E2248Q determined
in presence of increasing concentrations of sucrose (1, 10 and 100 mM) by differential scan fluorimetry
experiments repeated three times.

Enzyme T (°C)  Tmz(°C)
AN123-GBD-CD2 E2248Q (inactive) 35.9 42.2
AN123-GBD-CD2 E2248Q + 1 mM sucrose 36.8 43.5
AN123-GBD-CD2 E2248Q + 10 mM sucrose 36.5 44.7
AN123-GBD-CD2 E2248Q + 100 mM sucrose 36.5 48.2
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Biochemical characterization: determination of the branching ratio and product profiles
using dextran as an acceptor

Branched dextran were synthesized using 1 U/mL of purified enzymes (AN123:-GBD-CD2,
AN123-GBD-CD2 F2163G and AN123-GBD-CD2 W2135S-F2136L), 100 g/L sucrose and 50 g/L
dextran either 1,500 Da, 70,000 Da or 2,000,000 Da, at 30°C, pH 5.1 during 24 h. Reactions
were stopped by heating at 95°C for 5 min. Sucrose consumption was controlled by HPLC-
CAD (Corona) on HPX-87C for branching reactions with dextran 70,000 Da and 2,000,000 Da.
These samples were then dialyzed 3 times against 5000 volumes of dH.O (14,000 Da cutoff),
centrifuged, frozen at -80°C and lyophilized prior to re-suspension in D20 for H NMR analyses.
The product profile and sucrose consumption of the reaction corresponding to synthesis of
branched dextran using dextran 1,500 Da as an acceptor were determined by HPAEC-PAD

on a Dionex Carbo-Pack PA100 column.
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Figure C3: 'H NMR spectrum of the a-1,2 branched dextran (2,000,000 Da) after a 24 h reaction using
parental enzyme AN123-GBD-CD2, 50 g.L* of dextran and 100 g.L! of sucrose. Peaks corresponding to
anomeric protons signals of a-(1,3), a-(1,2) (first peak), a-(1,2) (second peak), and a-(1,6) linkages are
at5.34,5.19, 5.12 and 4.99 ppm, respectively.

The branching was affected by the double mutation W2135S-F2136L, decreasing from 34.6%
for the parental enzyme to 10.8% on dextran 70,000 Da. The same decrease was observed
with longer dextran chains of 2,000,000 Da. This indicates that the mutations had a negative
impact of the positioning of the dextran into the active site. As previously shown, these
mutations allowed more flexibility of the loops surrounding the active site, which could cause
closure of the entry point into the active site of dextran chains.

Interestingly, the product profile after branching of short dextran chains determined by HPAEC-
PAD (data not shown) and compared to a standard of dextran 1,500 Da was strictly similar

between the parental enzyme and the mutant F2163G, consistent with the fact that they have
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the same branching ratio on long dextran chains.; while mutant W2135S-F2136L and the
parental enzyme which have notable difference in the branching ratio with longer dextran
chains also have a different product profile on short dextran chains (data not shown). This
confirms that the two mutations W2135S and F2136L while being located in the active site
must have an impact in the positioning of the dextran chains. The bulky W2135 and F2136
were probably stacking the growing dextran chain and the loss of this constraint may have
impacted the good positioning of the glucose in the subsite +1. Modulation of the branching
ratio by simply mutating a few key amino acids in the active site is of particular interest as

dextrans presenting more or less branched chains may have different biological effect.

Table C3: a1,2 branching ratio (in %) on dextran 70,000 and dextran 2,000,000 with the enzymes AN123-
GBD-CD2 and mutants F2163G, W2135S-F2136L. Branching ratio were calculated as follows:

a1,2 (1) + a1,2 (2)

Branching ratio (%) = 100 = 2 , with the relative intensity values of anomeric
al,6+al1,2 (1)+al1,2 (2)+al,3

protons signals integrated on the *H NMR spectra.

al,2 linkages on dextran  al,2 linkages on dextran

Enzyme 70,000 (%) 2,000,000 (%)
AN125-GBD-CD2 34.6 35.1
AN123-GBD-CD2 F2163G 32.3 33.4
AN123-GBD-CD2 W2135S-F2136L 10.8 10.7
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CHAPTER IV

Summary: This chapter presents the computer-aided design of BRS-B A2 branching sucrase
toward the regio-selective glucosylation of the target tetrasaccharide molecule. A set of 49
branching sucrases containing up to 15 mutations was evaluated, giving access to novel

molecular diversity.

Main achievements: Computational enzyme design framework was implemented to adapt
BRS-B A2 active site to the site-selective glucosylation of the target acceptor. Out of 49
designed mutants, 12 were found able to glucosylate the tetrasaccharide, giving access to 6
out of the 8 possible mono-glucosylated products whose structures were elucidated either by
NMR spectroscopy or sensitive MS/MS techniques. In particular, a novel molecule P3’

representative of S. flexneri 5a serotype was identified

Contributions to the work: Tetrasaccharide was chemically synthesized by L-A. Barel at

Pasteur Institute.

Computer-aided re-design of the enzyme was performed by A. Ben Imeddourene. | was
responsible for the production of the mutant enzymes and optimization of their soluble
expression conditions, screening of their activity, scale-up of the reaction, synthesis and

purification of the products of interest.

The products were characterized by NMR by A. Ben Imeddourene. High resolution mass
spectrometry was performed by H. Barbier. MS/MS studies were performed by D. Ropartz, M.

Fanuel and H. Rogniaux from INRA Nantes.
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Computer-aided engineering of a branching sucrase for the
glucodiversification of a tetrasaccharide precursor of S. flexneri
antigenic oligosaccharides

Introduction

In recent years, enzyme engineering has enabled unprecedented expansion of the enzyme
repertoire, notably endowed with desirable physical and catalytic properties, and broadened
the horizons of enzyme-based process development (Fuchs et al. 2015; France et al. 2017,
Green and Turner 2016). In particular, progresses in the development of bioinformatics tools
and computational methods have considerably contributed to better understand natural
evolution of enzymes, rationalize mutations to acquire a given function or property and in fine
accelerate conception of tailored catalysts for synthetic purposes. The strength of
computational protein design has been demonstrated for engineering enzymes with improved
stability (Malakauskas and Mayo 1998; Joo et al. 2010), enhanced catalytic performances
(Ashworth et al. 2006), altered substrate selectivity and specificity (Murphy et al. 2009), or even
able to catalyze new-to-Nature reactions (Jiang et al. 2008; Reeve et al. 2015; Réthlisberger
et al. 2008; Siegel et al. 2010). Importantly, these computer-aided engineering methods enable
to fine-tune the active site toward recognition and conversion of exogenous substrates by few
specific amino acid mutations (Chen et al. 2009; Mak et al. 2015; Reeve et al. 2015; Siegel et
al. 2015; Verges et al. 2015), thereby avoiding the extensive screening of libraries required in
directed evolution approaches. This is particularly advantageous when the amount of available
substrate is limited, in particular when targeting rare, structurally complex or synthetic
molecules, or when no high-throughput assay system is available. For many years, our
research group has applied such rational and semi-rational engineering approaches to
engineer sucrose-active a-transglucosylases from Glycoside Hydrolase families 13 and 70 in
order to produce a variety of glyco-conjugates, carbohydrate derivatives, including chemically
modified oligosaccharide precursors (Champion et al. 2009b, 2012; Verges et al. 2015; Malbert
et al. 2018). Complexity of carbohydrate structures renders particularly challenging
differentiation and characterization of products obtained from catalytic reaction. Therefore, low
screening throughput methods based on chromatography, mass spectrometry, and NMR

spectroscopy are usually used.

In the continuation of our previous efforts (Champion et al. 2012; Salamone et al. 2015a;
Vergés et al. 2015) to fashion the polysaccharide principal components of the Shigella
membrane surface (Perepelov et al. 2012; Shashkov et al. 2013), the work disclosed herein
aims at developing novel chemo-enzymatic routes to access well-defined O-Ag fragments that
could enter in the composition of broad coverage vaccines (Chapter Il). Shigella are gram
negative bacteria responsible for shigellosis, a bacillary dysentery that represents a major

burden in low and middle income countries (Livio et al. 2014), and for which there is no vaccine
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yet. Among the prevalent isolates found in Shigella infection are found S. flexneri serotypes
which present a tremendous O-Ag structural diversity. While most S. flexneri O-Ags share the
same linear backbone composed of 1,2-trans linked L-rhamnosyl (A, B, C) and N-acetyl-D-
glucosamine (D) residues, the repeating units of the different serotype-specific O-Ags differ by
their a-D-glucosylation (E) pattern, as well as by their O-acetyl and phosphoethanolamine
substitutions. One main synthetic roadblock to access the Shigella flexneri serotype-specific
haptens resides in the regio- and stereo-specific control of the 1,2-cis glucosylation step.
With the aim of proposing novel and easy-to-implement synthetic alternatives, we came up
with the idea of developing a highly convergent chemo-enzymatic strategy that will target the
enzymatic regio-selective glucosylation of a lightly protected ABC’D’ tetrasaccharide (Allyl a-
L-rhamnopyranosyl-(1—2)-a-L-rhamnopyranosyl-(1—3)-2-O-chloroacetyl-a-L-
rhamnopyranosyl-(1—3)-2-deoxy-2-trichloroacetamido-f3-D-glucopyranoside) resembling the
common backbone repeating unit of most S. flexneri O-Ags (Chapter Il). Using native
branching sucrases from GH70 family, we previously reported successful enzymatic
glucosylation of ABC’D’ for the production of a pentasaccharide P1 characterized to be
ABC’[E(1—6)]D’, characteristic of serotypes 4a/4b (Chapter IlI). Among the six tested
branching sucrases, the best conversion of ABC’D’ (31.3%) was obtained with BRS-B A1.
Using a pre-existing library of mutants of another branching sucrase, namely AN123;-GBD-CD2,
we later obtained three additional pentasaccharides (named P2, P2’ and P3), of which P2 and
P2’ were characterized to be ([E(1—3)]JABC’'D’ and [E(1—4)]ABC’D’, respectively (Chapter IlI).
Of note, P2 was found to be representative of prevalent S. flexneri serotype 3a.

In order to further extend the diversity of pentasaccharides, we undertook the challenge of re-
designing the active site of a branching sucrase, BRS-B A2, found so far to be the most efficient
enzyme for the glucosylation of ABC’D’ (Chapter Il). Although the crystallographic structure of
this enzyme was not available, the construction of a reliable 3D model by comparative
modelling enabled the use of structure-based engineering strategies. Using a combination of
molecular modelling methods and RosettaDesign-based approach, we explored amino acid
mutations in the active site that could favor catalytically productive binding of ABC’D’ in various
orientations to enable regioselective glucosylation of units A, C’ or D’ of the tetrasaccharide,
targeting in priority pentasaccharide products characteristic of prevalent S. flexneri serotypes
3a, 2a and la/lb. Evidently, conservation of the original specificity for sucrose donor substrate
was also one of the main concerns during the redesign of the enzyme active site. The strategy
disclosed herein led to the selection of 49 mutants containing up to 15 mutations scattered
over 27 amino acid positions of the acceptor binding subsites. Mutants were then constructed
and assayed for glucosylation of ABC’D’. Overall, our results demonstrate the versatility of the
BRS-B A2 scaffold, which by the introduction of specific combinations of mutations in the active
site gave access to broader range of 1,2-cis glucosylation patterns from a common acceptor

molecule.
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Results & Discussion

Computer-aided re-design of BRS-B A2 branching sucrase active site

With the aim of performing site-selective glucosylation of tetrasaccharide ABC’D’ and thus
enlarging accessible pentasaccharide diversity, we focused our work on the redesign of the
active site of a branching sucrase named BRS-B A2, truncated of 153 amino acids from the N-
terminal end compared to native BRS-B (Genbank accession number CDX65123.1). Selection
of this enzyme was based on a prior work (Chapter 1), which revealed that it was the best
performing native branching sucrase for the glucosylation of tetrasaccharide ABC’D’, yielding
largest amounts of pentasaccharide P1. Deletion at the N-terminal extremity allowed a better
recombinant production of the enzyme in soluble form, greater easiness of purification and
concentration compared to the parental enzyme or BRS-B Al form (Chapter II) without altering
the enzyme activity. As the three-dimensional structure of this enzyme was unknown, we
decided to construct of a 3D-model of BRS-B A2 using AN123-GBD-CD2, for which an X-ray
structure is available (PDB ID: 3TTQ), as template. BRS-B A2 contains 1053 amino acid
residues and shares 49% identity with AN123-GBD-CD2. When taking into account only the
active site of the enzymes, the sequence identity increases to 60%, indicating a high
conservation of active site residues. This allowed construction of a reliable 3D-model of BRS-
B A2 by comparative modelling and opened the way to computer-aided design approaches
illustrated in the framework of Figure 1A. Using the 3D model, pentasaccharide products
characteristic of prevalent S. flexneri serotypes, ABC'[E(1—4)]D’ (S. flexneri 1la/lb),
AB[E(1—4)]C’D’ (S. flexneri 2a) and E(1—3)ABC’D’ (S. flexneri 3a), were docked in the active
site (Figure 2). The crystallographic structure of homologous GTF180 glucansucrase (PDB ID:
3HZ3) in complex with sucrose bound in the active site (Vujicic-Zagar et al. 2010) was used
as template to guide docking of the different pentasaccharides. More particularly,
pentasaccharides were initially constructed using 3D coordinates of the sucrose glucosyl
moiety from the crystallographic complex. Systems were subsequently subjected to simulated
annealing (from 0 to 350 K in 100 ps and vice versa) in vacuum with harmonic positional
restraints of 50.0 kcal/mol/A? on the enzyme, the glucosyl! unit, and the sugar pucker rings of
ABC’D’. The lowest energy systems from each simulated annealing were then selected as
starting points for the computational enzyme design procedure. After excluding the catalytic
residues (the nucleophilic D671, the acid/base E709 and the transition state stabilizer D1136)
and other amino acid residues described as important for either catalysis or sucrose
recognition (R669, H787, Y144 and D1183 identified by homology with GTF-180) (Vujicic-
Zagar et al. 2010), we selected 27 mutable (or designable) positions in total: 24 in catalytic
domain A and 3 in domain B - (G594, W595 and F596 residues) (Figure 1B) on the basis of
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) calculation (Figure S1) and

careful visual inspection.
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Figure 1: A. Computer-aided approach for BRS-B A2 active site re-design. After successive steps of
the framework, the final designed library contained 49 sequences with between 9 and 15 mutations in
the active site. B. View of the active site of BRS-B A2 model, The 27 redesignable amino acids are
showed in red, green, cyan and magenta according to their belonging to the first, second, third and
fourth contact shell respectively from the glucosyl! (yellow) in the -1 position.

Most of these positions belong to loops with the exception of R731, D732, K735, D793 and
H797, which are located in a-helixes. Overall, these 27 residues are scattered over the catalytic
site along four successive contact shells, due to the sliding of the ABC’D’ core with respect to
-1 subsite where glucosyl is bound (Figure 1B). Moreover, all selected residues are found
highly variable among all known GH70 enzymes (CAZy database) with the exception however
of residues L627 and A672 from the first shell which are strictly conserved (Table S1). It should
be noticed that, if all 27 positions were considered to be mutable by one of the 20 possible
amino acid residues, the theoretical combinatorial sequence space would have been as large
as 1.34 x 10%, clearly out of reach of currently available experimental screening methods and
computational approaches. To explore and reduce this combinatorial space, we thus
considered an enzyme design protocol based on the sampling of mutations at each of the 27

positions by performing 60 000 independent runs (20 000 per system) of Rosetta
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Enzyme_Design, which takes into account the backbone and side chain flexibility of residues.
The designed sequences were subsequently filtered using the Rosetta scores corresponding
to enzyme:pentasaccharide binding interaction for each of the three systems, followed by a
second round of sequence filtering based on the docking of sucrose donor in each mutant and
estimation of its binding interaction (Figure S2). Finally, in order to limit sequence redundancy
and enhance sequence variability in the final set of sequences, all designed sequences were
clustered based on the percentage of sequence identity. The best Rosetta scores (with respect
to pentasaccharides and sucrose) of each cluster (total of 49) were then selected for
experimental evaluation. The set of 49 sequences provided in Table S2 contained between 9
and 15 mutations located between residues 595 and 811. These sequences were classified in
three groups depending on the targeted pentasaccharide: group | (M1 to M16) for
ABC’[E(1—4)]D’ (S. flexneri 1a/1b), group Il (M17 to M34) for AB[E(1—4)]C’D’ (S. flexneri 2a)
and group Il (M35 to M49) for [E(1—3)JABC’D’ (S. flexneri 3a) (Figure 2).

Figure 2: View of the space occupied by the three gathered pentasaccharides targeted by the design
bound in the active site of parental BRS-B A2 (panel A) as well as targeted amino acid residues in each
of the designs: ABC'[E(1—4)]D’ (S. flexneri 1a/1b) targeted by mutants M1-M16 from Group | is shown
in panel B; AB[E(1—4)]C'D’ (S. flexneri 2a) targeted by mutants M17-M34 from Group Il is shown in
panel C; [E(1—3)]JABC’D’ (S. flexneri 3a) targeted by mutants M35-M49 from Group Ill is shown in panel
D.
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Recombinant production of mutants

Unlike parental BRS-B A2 enzyme, recombinant expression of the 49 mutants in E. coli led to
the formation of inclusion bodies and no soluble protein could be recovered. Therefore,
optimization of the production conditions was carried out, notably by testing the influence of
culture media and various chaperone proteins which have been described to assist protein
folding (Thomas et al. 1997) and to help to prevent aggregation (Nishihara et al. 2000). We
selected mutants M14 and M34, which contained respectively 15 and 11 mutations, and
attempted their co-production in the presence of different combinations of chaperone proteins
(groES, groEL, tig, dnaK, dnal, grpE) (Table S3) to enhance solubilization and prevent
aggregation. Using co-expression with plasmids pG-KJE8 (coding for dnaK, dnaJ, grpE,
groES, groEL) and pTfl6 (coding for tig), mutant proteins were recovered in the soluble
fraction. The production was further improved by growing the cells at 21°C using a culture
medium composition previously optimized for the production of another branching sucrase,
AN123-GBD-CD2 (Vuillemin et al. 2014). Finally, we monitored the production level during the
culture and showed that the highest values were reached after 24 h when using plasmid pTf16
and 32 h when using plasmid pG-KJES8 for chaperon production. Based on these results, the
49 mutants were successfully produced using the optimized culture conditions and chaperones
encoded by either plasmid pTf16 or pG-KJE8. The optimization of the soluble expression of

mutant M21 is presented in Figure S3 as an example.

Screening of the mutant library for the ability to use sucrose as donor substrate

In order to assess the capacity of the mutants to utilize sucrose and release reducing sugars,
an “ON/OFF” and non-quantitative assay was set up. The soluble fractions were incubated
with sucrose for 70 h and reducing sugar production was determined using 3,5-dinitrosalicylic
acid (DNS) (Miller 1959). The variation of absorbance at 540 nm obtained for the parental
enzyme and the mutants is reported in Figure 3, panels A, C, and E. This end-point assay
showed that all the mutants were strongly impacted for sucrose consumption compared to the

parental enzyme.
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Figure 3: A, C, E: Relative absorbance at 540 nm (in % compared to the parental enzyme) determined
after the DNS—based “ON/OFF” assay using crude enzyme extracts of the 49 mutants co-produced with
either tig (Tf16, lightsalmon) or dnakK, dnaJ, grpE, groES, groEL chaperone proteins (KJE8, darkcyan)
in presence of 100 g/L sucrose during 70 h incubation. The parental enzyme BRS-B A2 is indicated as
a reference. Dashed lines indicate absorbance level of the inactive mutant BRS-B A2 E709Q. B, D, F:
boxplot representing the absorbance data. Parental enzyme BRS-B A2 was excluded from the analysis.
Data points (diamonds) pinpoint the 16 mutants selected for further evaluation.

Out of the 49 mutants, the boxplot analysis enabled us to retain 16 mutants found in the top
tertile (and above) of the absorbance boxplot (Figure 3 panels B, D and F). These 16 mutants
were purified to homogeneity, and among them, four mutants quickly aggregated after
purification (M8, M12 and M17 produced with Tf16 and M11 produced with KJES8), indicating
that their stability was impacted by the mutations. Active mutants (12 out of 49 screened,
24.5% active mutants in total) belonged to all three groups, with 2 from group | (12.5% of active
mutants of this group), 7 from group Il (38.8% of active mutants of this group), and 3 from
group 11 (20% of active mutants of this group).

The 12 resulting mutants (M6, M14, M18, M21, M23, M30 and M41 produced with Tf16 and
M28, M31, M34, M35 and M40 produced with KJE8) were selected for further evaluation of
their ability to glucosylate ABC’D’. Meanwhile, specific activity toward sucrose was determined

only for mutants M21, M23, M30, M34 and M35 (Table 1). It was found to be only 1.92 % of
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the parental enzyme for M21, 0.23 % for M23 1.23 % for M30, 0.1 % for M34, and 1% for M35,

indicating a tremendous loss of activity of mutants toward sucrose donor substrate.

Table 1. Relative absorbance at 540 nm (in % compared to the parental enzyme) determined after the
DNS-based “ON/OFF” assay using crude enzyme extracts of the 12 selected mutants in presence of
100 g/L sucrose during 70 h incubation. Specific activity on sucrose (in U.mg-? of purified enzyme) was
determined for mutants M21, M23, M30, M34 and M35. @Unpublished data from Marion Claverie (2014).
n.a.: not available

Relative absorbance compared to Specific activity on sucrose

parental enzyme (%) (U.mg of purified enzyme)
BRS-B A2 100 262
M6 13.7 n.a.
M14 19.4 n.a.
M18 31.7 n.a.
M21 55 0.46
M23 11.9 0.06
M28 40.5 n.a.
M30 30 0.30
M31 19.1 n.a.
M34 44.3 0.02
M35 91.3 0.24
M40 57.7 n.a.
M41 49.1 n.a.

Transglucosylation of tetrasaccharide ABC’D’

All 12 selected mutants were tested for their ability to glucosylate tetrasaccharide ABC’D’ and
their products were further analyzed by LC-MS. Unlike previous assays (chapter Il and llI),
reaction pH was set to 5.75 despite the ABC’D’ stability decrease at this pH, due to the quick
aggregation of mutants when lowering the pH. All selected mutants were found able to transfer
glucosyl moieties onto ABC’D’, yielding at least one and up to four mono-glucosylated
products (Figure 4 and S4). Overall, six different pentasaccharide products were detected
which were named P1, P2, P2’, P2”, P3 and P3’ based on their retention time (t) and
molecular mass. Mutant M6 showed similar profile to the parental enzyme BRS-B A2 and
produced mainly P1 (tg = 21.6 min) together with a small amount of P2 (tr = 21.9 min).
Conversely, mutants M14, and M34 revealed an opposite trend, producing mainly P2 with
significantly lowered amounts of P1. Interestingly, mutant M18 lost completely its ability to form
P1 in favor of the exclusive production of P2.

Another group of mutants composed of M21, M23, M28, M30, M31 and M41 shared a common
product profile. While they all produced various ratio of products P1 and P2 or P2’, they also
formed a novel pentasaccharide named P3, not synthesized by the parental enzyme. Mutant

M21 was found to produce P3 in larger amount. Interestingly, based on its retention time (tr =
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16.3 min), this product P3 was found to be also produced by mutant W2135S-F2136L of the
enzyme AN123-GBD-CD2 in our earlier report (Chapter III).

Together with trace amount of P3, mutant M23 also produced two co-eluted products (tr =21.9
min) after UV analysis, P2 and P2’. They revealed however distinct signals in the more
sensitive HRMS analysis, suggesting thus structural differences (data not shown). Of particular
interest, M35 and M40 both produced a novel distinct product, not identified before, named
respectively P2” (tr = 22.4 min) and P3’ (tz = 15.3 min), although in trace quantities that did

not allow production and purification of enough amount for NMR characterization.
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Figure 4: Representation of the ratio of the products formed by BRS-B A2 parental enzyme and its
mutants, detected by HPLC-UV, after 16 h of reaction at 50 pL scale in presence of 50 mM ABC’D’ and
1 M sucrose at pH 5.75, using variable amounts of purified enzymes. High Resolution Mass
Spectrometry revealed mass increase of 162 g.mol' compared to ABC’D’, corresponding to mono-
glucosylated tetrasaccharides.
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Structural characterization of the formed products

Mutant M21 forming products P1, P2’ and P3 was selected to produce sufficient amounts of
pentasaccharides for structural characterization using NMR spectroscopy. M21 was produced
and purified to homogeneity and used to carry out a 1 mL-scale reaction in presence of ABC’D’
and sucrose. Structure of P1 was previously determined without ambiguity (Chapter II). Only,

products P2’ (5 mg) and P3 (1.6 mg) were isolated.

The 1D *H NMR spectrum obtained for P2’ isolated using M21 was perfectly superposed to
the one previously obtained using mutant F2163G of AN123-GBD-CD2 (Chapter IIl) (Figure S5).

This confirmed that glucosylation in P2’ occurred on OH-4,, and that P2’ corresponds to the
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co-eluted product of P2 identified in chapter Ill. However, in the case of M21, P2’ (tr = 21.9
min) was produced alone without any trace of a distinct mass that could indicate production of
P2 (tr = 21.9 min). The analysis of HSQC spectra of P3 showed shifted resonances of the
glucosylated positions and adjacent atoms (Figure S6); the glucosylated 4B carbon was high
frequency shifted from 72.17 ppm to 80.85 ppm, while the adjacent 3B and 5B were shifted to
lower frequency, from 69.8 ppm and 69.57 ppm to 68.55 ppm and 68.45 ppm, respectively.
The cross-correlation peaks of the shifted B and E unit resonances were assigned using
Double Quantum Filtered COrrelation (QDF COSY) (Figure S7).

Given the very low amounts of P2” and P3’ pentasaccharides produced by mutant M35 and
M40, respectively, we turned to MS/MS, which is a more sensitive analytical method requiring
less quantity of material (few pg) and avoiding laborious production and purification steps.
First, the method was validated with P1 as its structure was known. On the basis of its specific
fragmentations, the glucosylation on OH-6p was confirmed (Figure S8). Next, we
characterized the structures of P2” and P3’ (Figure 5). The results revealed that glucosylation
had occurred on OH-3g, representative of S. flexneri serotype 5a, for P3’, and on OH-24 for
P2”.
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Figure 5: Diversity of pentasaccharides obtained with the mutants. The various products are shown on
the basis of the glucosylated subunit (A, B or D’). 2P1 ABC’[E(1—6)]D’, characterized in chapter II. °P2
[E(1—3)JABC’'D’ and P2’ [E(1—4)JABC'D’ characterized in chapter lll. <P3, P3’ and P2” were
characterized in this study to be A[E(1—4)]BC’'D’ and A[E(1—3)]BC’'D’, and E[(1—2)]JABCD’,
respectively. P3 was characterized by NMR spectroscopy and P3’ and P2” by MS/MS.
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Insight on the impact of mutations on product profiles

BRS-B A2 naturally favors glucosylation of primary hydroxyl group OH-6p from ABC’D’. Group
| comprising 16 mutants (M1 to M16) aimed at introducing beneficial mutations that could shift
binding of D’ at +1 subsite in order to re-orient OH-4p in catalytically productive manner with
respect to anomeric C1 of glucosyl moiety at -1 subsite (Figure 3, panel A). Redesigning D’
binding site required introduction of 12-15 mutations to unclutter the active site and enable
steric access of hindered secondary OH-4p to the glucosyl moiety. However, only two mutants
(M6 and M14) out of the 16 members of group | turned out to be active on sucrose, indicating
a highly detrimental impact of mutations on first step of the reaction. In the presence of ABC’D’,
these mutants kept the innate specificity of their parental enzyme, producing only
pentasaccharides P1 and P2 but in different proportions. In spite of its 13 mutations and
similarly to the parental enzyme, mutant M6 revealed a preference for D’ subunit glucosylation
to produce P1. Conversely, mutant M14 containing 15 mutations of which 10 differed from M6,
shifted its glucosylation efficiency toward A subunit, favoring production of P2. These results
show that the selected combination of mutations did not force binding of D’ at +1 acceptor
subsite, probably due to major steric constraints related with the presence of protecting groups
and size of the acceptor.

Group Il encompassing 18 mutants (M17 to M34) aimed originally at glucosylating OH-4¢, the
sole available hydroxyl function of C’ moiety (Figure 3, panel C). Accessibility of this secondary
hydroxyl group was found highly hindered due to the constrained (3-1,3 linkage between
rhamnosyl residues B and C’, and the presence of the three protecting groups at C’ and D’
subunits. Introduction of 10-13 mutations were proposed by the design. These mutations less
severely affect sucrose recognition as 7 mutants were found relatively active toward sucrose
and successfully glucosylated ABC’D’, producing up to 4 distinct pentasaccharides (P1, P2,
P2’ and P3). The versatility of these mutants to accommodate ABC’D’ in different manners
led to broader product specificity yielding novel molecular diversity (Figure 5) but they also
induced considerable loss of glucosylation selectivity (Figure 4). With the exception of M28
that had a preference for glucosylation of D’, all 6 remaining mutants rather exhibited a
preference for glucosylation at A and B moieties. Two mutants, M21 and M23 that both
contained 10 mutations, were the only mutants producing P2’, glucosylated at OH-44, not
synthesized by the parental enzyme. However as P2 and P2’ are co-eluted products, either
the development of a new separation method or an accurate structural characterization would
be required to confirm these results. Interestingly, most mutants revealed their ability for inner
chain glucosylation at B moiety, producing P3, which was never reported to be synthesized by
native branching sucrases.

Group Il gathers 15 mutants (M35 to M49) containing between 9 and 12 mutations aiming at
favoring end chain glucosylation, targeting OH-34 to improve production of P2, only weakly
yielded by parental enzyme (Figure 3, panel D). Here again, introduced mutations turned out

to drastically affect sucrose recognition. However, all three mutants (M35, M40 and M41)
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revealed their ability to form, in addition to P1 and P2, a new product not synthesized by
parental enzyme. Glucosylation of OH-2, was observed for the first time with mutant M35,
yielding pentasaccharide P2” and enabling glucosylation of the third hydroxyl group from A
moiety, although of less interest in S. flexneri context as this position is involved in chain
elongation. Mutants M40 and M41 enabled glucosylation of inner chain B subunit, providing
respectively access to P3’ (glucosylated at OH-3g) and P3 (glucosylated at OH-4g). Here
again, with these mutants, we gained access to all possible glucosylation patterns of the B

moiety.

In our previous study, we used a graph approach using Fruchterman-Reingold algorithm to
compare the impact of the mutations on the topology of the active site of AN123-GBD-CD2
branching sucrase and its mutants and possibly on their product profiles (Chapter IIl). We used
herein the same technique in order to map clusters of amino acid interactions within the active
site of BRS-B A2 enzyme used as template for computational design strategy (Figure S9).
However, analysis of the mutants did not allow relating the mutation clusters with product
specificity.

Computational protein design undertaken here was highly challenging as 4 subsites had to be
re-designed to improve tetrasaccharide ABC’D’ accommodation for each targeted
pentasaccharide without losing the affinity for sucrose. The huge combinatorial sequence
corresponding to the 27 selected positions of mutations was drastically reduced thanks to the
design. By screening a very limited set of 49 sequences, containing high number of mutations
(between 9 and 15 depending on the design), several mutants were successfully isolated.
Impressively, after a challenging structural analysis of the products, we found out that these
mutants enabled the glucosylation of six out of the eight hydroxyl functions of ABC’D’, three
of these pentasaccharides being characteristic of S. flexneri serotypes (4a/4b, 5a and 3a) for

which no synthetic route has been proposed yet.

Remarkably, two mutants (M40 and M41) showed a product profile in line with the design
expectations and produce higher amounts of product P2 than the parental enzyme (data not
shown). Experimental deconvolution of the mutations on these mutants could help to better
understand the contribution of the different amino acid mutations and their combinatorial effect.
Such deconvolution could also be applied to the other mutants. However, given the high

number of mutants and mutations, this would remain highly tedious and challenging.

These results highlight difficulties of redesigning such a large and exposed active site as that
of branching sucrases for the selective glucosylation of a structurally complex and chemically
modified molecule, presenting no similarity with the natural substrate. This required
introduction of a significant load of amino acid mutations to target glucosylation at various

hydroxyl positions but also made difficult to narrow down selectivity of the enzyme for the
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production of only one product. The effect was further pronounced due to the highly exposed
and flexible active site that made difficult to specialize the enzyme. Furthermore, re-
engineering enzymes catalyzing multi-step reactions involving multiple substrates
considerably enhanced complexity of the design, requiring multi-objective optimization to
develop mutants still able to utilize sucrose donor but that had also gained novel specificity
toward exogenous acceptor.

Another limitation in the computational redesign of the enzyme was the lack of crystallographic
structure that led us to assume that reliable 3D-modelling could be performed given the high
sequence identity between BRS-B A2 and GH70 branching sucrase of known structure (ANi2s-
GBD-CD2). Nonetheless, suggested flexibility of several loops surrounding the active site
could drastically alter topology of the active site and recognition of acceptor ABC’D’. To
circumvent the lack of structural data, we still modelled binding of highly complex
pentasaccharide products in the active site and we had to make an arbitrary selection of a
bound conformation to target by combinatorial space exploration. Undoubtedly, accuracy of
the design would have benefited from the determination of crystallographic structures of the
enzyme in complex with the acceptor or the products. However, successful outcome of the
design would still not be warranted given the many limitations still faced by computational
protein design methods such as the poor integration of molecular flexibility and conformational
rearrangements (Chapter 1l), the under consideration in energy functions of entropy penalty

and solvent effect, etc.

Conclusion

Computer-aided design was for the first time applied to the redesign of several acceptor
subsites of a branching sucrase to redirect glucosylation regioselectivity toward various
hydroxyl functions of a lightly protected tetrasaccharide, precursor in the synthesis of serotype-
specific S. flexneri haptens. By predicting introduction of as many as 15 amino acid mutations
in the active site, mutants were found to be able to produce up to six distinct pentasaccharides,
whereas only two were synthesized by the parental enzyme. We demonstrated for the first
time that mutants could perform branching reactions onto ABC’D’, and could advantageously
open the way to the glucosylation of longer oligosaccharide chains, such as the S. flexneri
oligosaccharide backbone. Given that no equivalent enzymatic activity has been identified in
Nature, to our knowledge, these mutants are promising starting templates for further rounds of
evolution and/or optimization. Yet, fine tuning of this enzyme’s active site is still fraught with
difficulty because of the lack of detailed understanding of the reaction mechanism and 3D
structural information. Although objectives of the computational design were not fully met, the
impressive malleability of acceptor binding site and the demonstrated ability to expand the
tolerated productive binding modes for the ABC’D’ acceptor still led to very unique and exciting
achievements that could offer novel opportunities for the development of high convergent

chemo-enzymatic routes toward S. flexneri haptens.
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Material & Methods

Chemical synthesis of the tetrasaccharide ABC’D’
Chemical synthesis of the tetrasaccharide ABC’D’ was performed as previously described
(Chapter 1I)

Computational enzyme design

The 3D model of BRS-B A2 was constructed by comparative modelling using MODELLER
software (Eswar et al. 2006), using the reference coordinates of the template AN123-GBD-CD2
(PDB ID: 3TTQ) (Brison et al. 2012). The same strategy described in our previous study of the
complexes ANi23-GBD-CD2: pentasaccharides was used for docking ABC[E(1—4)]D’,
AB[E(1—4)]C’D’ and [E(1—3)]ABC’D’ pentasaccharides in the active site and for calculation
of the force field parameters (Chapitre 1ll). Between 12 and 16 designable positions were
selected for the redesign based on our intuition after careful visual inspection of the
enzyme:pentasaccharide interfaces using Pymol software (DelLano 2009). This graphical
examination was helped by the MMGBSA calculations performed to evaluate the individual
amino acid contributions to the free energy binding of BRS-B:pentasaccharides for each
system and described in details in Supporting Information. The residues having Ca within 10
A of the Ca of the redesignable resides were allowed to be repacked. 20 000 independent runs
were carried out for each system using RosettaDesign (Richter et al. 2011) software and
Beta_Nov15 energy function (Alford et al. 2017). The output sequences were filtered based on
different Rosetta scoring and filtering schemes. The RosettaDesign protocol and sequence

filtering are described in deep details in the Supporting Information and Methods.

Mutant construction

Plasmid pET55-BRS-B_A2_WT was obtained after 5’ truncation of 459 base pairs in the gene
brsB from Leuconostoc citreum NRRL B-742 using the method described by Wang and
Malcom (Wang and Malcolm 1999). Briefly, the method comprised the use of a two-stage
procedure, based on the QuicChange Site-directed Mutagenesis protocol (Stratagene, La
Jolla, CA, USA) with a pre-PCR consisting in a single-primer extension stage before the
standard protocol and allowing deletion of the sequence of interest. The PCR product was
cloned into pET55 plasmid using Gateway® technology (Thermo Fisher Scientific) for
expression in E. coli under the control of T7 promoter and with a gene for ampicillin resistance.
Plasmid pET55-BRS-B_A2_E709Q was obtained after performing E709Q mutation in brsB
gene. Gene brsB was amplified by inverse PCR using 5’-phosphorylated forward primer CAT-
ATT-TCA-ATT-GTT-CAG-GCT-CCA-AAG-GGG-GAA-AC and 5-phosphorylated reverse
primer TAT-GTT-GAT-TGG-CAA-CTG-CCT-CAT-TGT-CAG that introduced mutation E709Q.
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Parental plasmid was digested by Dpnl enzyme (NEB) and ligation was performed using T4
DNA ligase (NEB). The reaction was purified using NucleoSpin® PCR Clean-up (Macherey-
Nagel) before transformation into E. coli TOP10 (Invitrogen). Correct sequence was verified
by Sanger sequencing (GATC Biotech). Plasmids pET55-BRS-B_A2 M1 to pET55-BRS-B
A2 MA49 were purchased from GenScript.

Production of a library of 49 BRS-B A2 mutants

Plasmids pTf16 containing chaperone gene tig under the control of promoter araB, and pG-
KJES8 containing chaperone genes dnaK, dnad, grpE, groES, groEL under the control of
promoters araB and Pzt-1 (Takara) were chemically transformed into E. coli BL21 Star™
(DE3) (Life Technologies). Strains were rendered competent again and chemically
transformed using plasmids pET55-BRS-B_ A2 WT, pET55-BRS-B_A2 E709Q and pET55-
BRS-B_A2 M1 to pET55-BRS-B_ A2 MA49 encoding for parental BRS-B A2, inactive mutant
of BRS-B A2 and the 49 BRS-B A2 mutants, respectively. After overnight preculture at 37°C
in LB medium (10 g.L* tryptone, 5 g.L* yeast extract, 10 g.L™* NaCl) containing 100 pg.mL™*
ampicilin (Euromedex) and 12.5 pg.mL? chloramphenicol (Sigma), the main culture was
inoculated at optical density at 600 nm (ODeggonm) = 0.05 and used (i) modified ZYM-5052
medium with 0.1% D-lactose, 1% glycerol ((Studier 2005), Chapter II), (i) 2x YT medium (20
g.L* tryptone, 10 g.L* yeast extract, 10 g.L™* NaCl) or (iii) optimized ZYM-5052 with 0.05% D-
glucose, 0.75% D-lactose, 1.5% glycerol (Vuillemin et al. 2014). Medium were supplemented
with 100 pg.mL* ampicilin and 12.5 pg.mL? chloramphenicol as selection markers. When
using medium (ii) and (iii), chaperone protein expression was induced immediately after
inoculation by adding 4 g.L* of L-arabinose (ACROS Organics) for pTf16 or 4 g.L? of L-
arabinose and 10 ng.mL™ tetracycline (Sigma) for pG-KJE8. Cultures (i) and (iii) were grown
at 21°C in either 50 mL, 200 mL or 1 L scale in baffled flasks for 24 h (pTf16) or 32 h (pG-
KJES8). When using medium (i), production of the recombinant enzymes was induced using
isopropyl B-D-1-thiogalactopyranoside (IPTG) when ODegoonm reached 0.4 after growth at 37°C,
and the temperature was lowered to 21°C for another 24 h culture. Cells were harvested by
centrifugation and re-suspended in appropriate volumes of NaAc buffer 50 mM pH 5.75 to
concentrate the cells at ODgoonm = 15. Cells were then disrupted by sonication and the cellular
debris were removed by centrifugation at 13,000 g for 30 minutes at 8°C to recover the soluble
fraction. Both insoluble and soluble fractions were run on SDS-PAGE to assess the production

of the enzymes.

Library screening on sucrose in liquid DNS-based ON/OFF assays
Hydrolytic activity of the enzymes were assessed at 30°C in presence of 100 g.L? sucrose in
NaAc buffer 50 mM pH 5.75. After 70 h incubation, reactions were mixed with the same volume

of DNS (3,5-dinitrosalicylic acid) solution (Miller 1959) and heated to 95°C for 5 minutes.
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Absorbance was read at a wavelength of 540 nm and active enzymes were selected by
comparing the absorbance value with the one from inactive mutant E709Q that constituted the

baseline.

Purification and concentration of the best mutants

Active mutants on sucrose were produced as previously described with the following
exception: after sonication the soluble fraction was recovered by centrifugation at 50,000 g
(instead of 13,000 g) for 30 minutes at 8°C. Purification was performed as previously described
(Chapter II, Chapter Ill). The mutant enzymes were then concentrated using AmiconUltra-15
(Merck Millipore) with a cutoff of 50 kDa. Concentration was possible to different extents before
aggregation depending on the mutant. Final concentrations were measured using Nanodrop
instrument (Thermo Scientific) and taking into account the theoretical molecular weight (MW =
132 480 g.mol*) and molar extinction coefficient (€ = 196 770 M*.cm™) of BRS-B A2 calculated
with ProtParam tool from ExPASy server. Concentrations were 12.5 g.L™* for M6, 1.3 g.L™* for
M14, 3.1 g.L* for M18, 2.9 g.L* for M21, 7.1 g.L* for M23 and 3.9 g.L* for M30, 0.2 g.L™* for
M28, 0.2 g.L* for M31, 3.7 g.L* for M34, 0.7 g.L* for M35, 1.9 g.L* for M40 and 1.0 g.L* for
M41.

Specific activity determination on sucrose

Specific activities of mutants M21, M23, M30, M34 and M35 were determined at 30°C in NaAc
buffer 50 mM pH 5.75 over the course of 50 minutes with sampling every 10 minutes, using
100 g.L* of sucrose and purified concentrated enzymes.

Reaction assays with sucrose and ABC’D’ acceptor

Reactions were performed in presence of tetrasaccharide acceptor ABC’D’ (50 mM) and
sucrose (1 M) in miniaturized assay at 50 uL scale, in NaAc buffer 50 mM pH 5.75. After 16 h
incubation, reactions were stopped using a solution of acetonitrile at 30% supplemented with
0.08% TFA.

HPLC-UV-MS / HRMS for tetrasaccharide and product profiles

The same analytical methods as in Chapter Il were used.
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Determination of pentasaccharide structures

NMR experiments

The samples were dissolved in DCI-containing D,O at pH 5.1. For NMR studies, the samples
were lyophilized three times and dissolved in 180 pL of 99.9% DCI-containing D20. All NMR
spectra were recorded on a Bruker Avance spectrometer operating at a proton frequency of
950 MHz (TGIR- RMN-THC Fr3050 CNRS, Gif-sur-Yvette) and at a carbon frequency of 238
MHz with a 5-mm gradient indirect cryoprobe. All spectra were processed and analyzed with
Topspin software (Bruker) and Sparky software (T. D. Goddard and D. G. Kneller, SPARKY 3,

University of California, San Francisco).

'H and **C 1D NMR spectra were accumulated at 25 °C, 65536 data points were acquired with
32 and 2048 scans respectively for proton and carbon experiments. H-3C HSQC
(Heteronuclear Single Quantum Coherence spectroscopy) and Double Quantum Filtered
COrrelation SpectroscopY (QDF COSY) (Rance et al. 1983) experiments were performed at
25 °C. Homo and heteronuclear spectra were recorded under the following experimental
conditions: 512 increments of 2048 complex points are acquired with an accumulation of 16
scans. Spectral widths were 16025 Hz for protons dimension and 44267 Hz for carbon

dimension.
MS/MS

MS/MS studies were performed by D. Ropartz, M. Fanuel and H. Rogniaux on BIBS facility at
INRA Nantes. The analyses were carried out on a LC-ESI-Q-Tof platform composed of an
Acquity UPLC H-class system, coupled to a Synapt G2Si HD mass spectrometer (Waters
Corp., Manchester, UK). Reaction media were diluted 250 times in H.O/acetonitrile (95.5:4.5,
v/v).Separation of glucosylated products was performed by LC using a Porous Graphitized
Carbon (PGC) (Hypercarb (2,1 mm x 100 mm, 3 um)) analytical column placed in an oven at
80 °C. The injected sample amount was 10 pL and the flow rate was set to 400 pyL.min?. A
binary gradient was used (A: pure water, B: pure acetonitrile): from 2% to 25% of solvent B in

10 min, then up to 73% at 23.5 min and maintained at 73% for 4 min.

Mass detection was carried out with the instrument operating in negative polarity over mass
ranges of m/z 350 — 2000 in MS mode and m/z 150-1100 in MS/MS mode. The spray voltage
was set at 3.5 kV. lons of interest (1038.21 m/z) were fragmented by collision-induced
dissociation in the transfer cell of the instrument with argon used as the collision gas (collision

energy of 50 V). Data acquisition was carried out using MassLynx software (V4.1).
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Supplementary Information

Supporting Methods

MMGBSA calculation

In order to estimate per residue enthalpy contribution to the enzyme:pentasaccharide free
energy binding, the Molecular Mechanics (MM) energies combined with the Generalized Born
(GB) and Surface Area (SA) continuum solvation calculation were carried out on enzyme-
pentasaccharide complexes, using MMPBSA.py.MPI module of AMBER program. The
generalized Born calculation was performed with the model developed by the Case group
(Onufriev et al. 2004) using igh=5 control command and a salt concentration of 0.1 M. The
surface area for the nonpolar solvation term was calculated using Linear Combination of
Pairwise Overlaps algorithm (Weiser et al. 1999), and the surface tension was set to default
value i.e. 0.0072 kcal/mol-A2.

Shannon entropy calculation

Position-dependent amino acid residue variation in available GH70 sequences aligned by
CLUSTALW, were analyzed using the Shannon information entropy measure (Hx), calculated
using our in house SEQUESTER software (Daudé et al. 2013b).

Rosetta Design protocol

The Rosetta python script molefile_to_params.py was used to convert mol2 files to Rosetta

parameter files and to generate ligands (sucrose and pentasaccharides) coordinates fitting the

Rosetta atom names. Before the design, the enzyme and pentasaccharide interactions were

optimized by a gradient-based minimization without restraints on the ligands. After that, 3
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cycles of sequence design/packing and minimization were performed. Throughout the packing
steps, the soft-repulsive force field was used, the input structure coordinates was included in
the rotamer set, and the sub-rotamer Chil and Chi2 were taken into account. During all the
computational design protocol steps (minimization/design/packing) the flexibility of the
backbone and the side chain dihedrals of designable/repackable region was allowed, while the

catalytic residues were prevented from being repacked or minimized.

Output Sequences filtering

In order to compare the parental enzyme and the designed sequences scores, the parental
enzyme:pentasaccharide complexes (starting points of the computational design) were scored
using the same steps of interface optimization and 3 cycles of repack minimization except for
the catalytic residues. Then, the first sequences selection was performed by comparing the
total and enzyme-ligand interface scores of the mutants to parental enzyme total and interface
scores (Figure S2). The second round of data processing was the enzyme:sucrose complexes
scoring, after the docking of the sucrose in the active site of the mutants having total and
interface scores less than the parental enzyme. The docking was carried out by tacking the
coordinates of the glucosyl moiety of the pentasaccharides for sucrose glucosyl unit.
Afterwards the enzymes:sucrose complexes were scored by Rosetta by the same protocol
used for the parental enzyme:pentasaccharides and described above. The resulting
sequences were then clustered by the Decrease Redundancy module of ExXPASy webserver
(Gasteiger et al. 2003). The best score sequences of each cluster was selected for

experimental testing (Table S1).
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Figure S1: Graphics represent the amino acid residue enthalpy contribution to the free energy binding
of the BRS-B A2 and ABC’[E(1—4)]D’ (S. flexneri 1a/1b) (A), AB[E(1—4)]C’D’ (S. flexneri 2a) (B) and

E(1—3)ABC'D’ (S. flexneri 3a) (C) complexes. The enthalpies were calculated from the redesign starting

point of each system, the negative and positive values are represented by blue and red color.
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Figure S2: Graphics represent, the total score (x-axis) against the enzyme:pentasaccharide interface
score (y-axis) of the BRS-B:ABC'[E(1—4)ID’ (A), BRS-B:AB[E(1—4)]C’'D’ (B) and BRS-B:
[E(1—3)]JABC’'D’ (C) complexes represented in black solid circles and their enzyme:sucrose complexes
from the first selection described in the text are illustrated by blue solid circles. The starting parental
complex (BRS-B A2) total score and enzyme:pentasaccharide interface score are illustrated by the red
lines.
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Figure S3: Optimization of the soluble expression of mutant M21. Size marker is present in lane 1 (sizes

indicated in kDa). Using ZYM medium and without chaperone proteins (&), all the enzyme was
produced in the insoluble fraction (IF, lane 2), no band was detected at the expected size of 132 kDa in
the soluble fraction (SF, lane 3). When chaperone proteins (tf16 or KJE8) were co-expressed with M21
in 2x YT medium (lane 4 to 7), a band was detected at the expected size in soluble fractions (red arrows).
The size of the band was further increased after optimization of the ZYM medium (lanes 8 to 11),
especially when using tf16 chaperone proteins in the present case.
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Figure S4: Comparison of product profiles obtained with BRS-B A2 mutants M6, M14, M18, M21, M23,
M28, M30, M31, M34, M35, M40 and M41, after 16 h of reaction in presence of sucrose (1 M) and
tetrasaccharide ABC’D’ (50 mM) at pH 5.75 and 30°C. Mass spectrum (represented with time and signal
shifted for clarity purpose) corresponding to ions of m/z 1057-1064 after separation by HPLC. P1 (tr =
21.6 min), P2 (tr = 21.9 min), P2’ (tzr = 21.9 min), P2” (tr = 22.4 min), P3 (tr = 16.3 min) and P3’ (tr =
15.3 min): products of the enzymatic glucosylation. A shift in molecular mass by 162 Da, characteristic
of the glucosylation, was observed for these products.
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Figure S7: H-1H QDF-COSY spectra at 950MHz of the mixture of the P3 and its dechloroacetyled form.
Positive and negative peaks are showed in black and red respectively. The B (panel A) and E (panel B)
units belonging to the P3 connectivities are plotted and the corresponding peaks are labeled.
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Figure S8: A/ TOF MS ES- spectrum of M35 enzymatic reaction obtained for mass ranges of 1037.828-
1043.597 after separation by HPLC. Black frame: peak (tr = 22.71 min) corresponding to the ion
selected for re-fragmentation by MS/MS B/ MS/MS spectrum obtained after re-fragmentation of the
[ABC’D’] ion of m/z 1038.21 at tr = 22.71 min (peak (4) in panel A). In blue: specific ions obtained after
re-fragmentation of the ion between the moieties A/B, B/C’, C’/D’ and E/D’, respectively. In red: specific
re-fragmentation of the D’ moiety. Fragmentations are represented on the structure of ABC'[E(1—6)]D’

with arrows. Red frame: position glucosylated on the D’ moiety.
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Supporting Tables

Table S1: The table shows the Shannon entropy values for the redesignable positions, the conserved
L627 and A672 are labelled in red color.

Residue Hoo 1673 0.15 1791 0.18
G594 0.60 S674 0.02 Q792 0.09
W595 0.53 F675 0.06 D793 0.36
F596 0.18 A710 0.33 1796 0.39
L624 0.3 P711 0.33 H797 0.55
E625 0.15 R731 0.04 1798 0.10
F626 0.38 D732 0.4 M810 0.32
L627 0 K735 0.37 s811 0.57
L628 0.10 K789 0.28

AB72 0 D790 0.26
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Table S3. The five plasmids encoding various sets of chaperone proteins tested in this study. Three
chaperone sets co-expressed with BRS-B A2 mutants enabled soluble expression.

Plasmid Chaperone proteins encoded  Soluble expression detected

pGRO7 groES, groEL No
pG-Tf2 groES, groEL, tig No
pTfl6 tig Yes

pKJIE7 dnak, dnaJd, grpE Yes
Yes

pG-KJE8 dnak, dnaJ, grpE, groES, groEL
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CONCLUSIONS AND PERSPECTIVES
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General conclusion

Enzymatic glycosylation, using either native or engineered glycoenzymes, and combined with
chemical synthesis in chemo-enzymatic pathways, has the potential to give access to a new
diversity of carbohydrate molecules that could be used in various applications. Such
carbohydrates indeed can present a wide range of properties of interest for applications in the
food or feed industries, cosmetics, pharmaceutics, etc. In particular for the latter, cell-surface
carbohydrates such as mammalian glycans, Gram negative bacteria lipopolysaccharides or
capsular polysaccharides are gaining interest as they could open the way to new diagnostic
tools and curative or preventive treatments. For example, cell-surface carbohydrates of Gram
negative bacteria such as the polysaccharide components of the lipopolysaccharides often
display a large structural diversity that prevents development of efficient anti-bacterial
vaccines. New vaccines would greatly benefit from access to these polysaccharides (O-
antigens), but their development remains limited mostly due to synthesis difficulties. In the
context of this challenging field of research, the group of Laurence A. Mulard at Pasteur
Institute has investigated novel routes to access haptens representative of the Gram negative
bacteria Shigella flexneri -responsible for shigellosis, a form of bacillary dysentery. This work
lies the foundation for access to a vaccine for low and middle income countries, which suffer

heavy burden from the disease.

Upon 10 years of collaboration with our team at TBI and successive projects of increasing
complexity, a new chapter unfolded with the ANR project “CarbUniVax” (2015-2019), in which
was integrated my PhD thesis. The main objective of the work aimed first at designing and
synthesizing a conveniently protected tetrasaccharide (ABC’D’) compatible with subsequent
elongation into longer haptens, and that mimicked the linear tetrasaccharide backbone present
in the LPS repeating unit of Shigella flexneri. Next, my thesis aimed at identifying and
engineering enzymes able to selectively glucosylate ABC’D’ to produce a variety of
pentasaccharides, so-called glycobricks, characteristic of prevalent serotypes of S. flexneri 1b,
2a and 3a targeted in priority in the project as they are currently responsible for the most cases
of shigellosis. Access to other less representative serotypes still constitute a secondary
objective as they might very well become prevalent in the future. The ultimate goal foreseen in
the project is the large-scale production of these serotype-representative glycobricks, which
could be linked to a carrier protein, in order to further evaluate their biological effect and

potential interest for broad coverage vaccine development.

In order to access these glycobricks, a highly convergent synthesis strategy was devised that
takes advantage of the combination of chemical synthesis of the tetrasaccharide backbone
and its one-step enzymatic glucosylation. The first challenge —for our colleagues at Pasteur

Institute— was to design the protected tetrasaccharide ABC’D’. Several constraints were taken
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into account when choosing the protecting groups, which had to (i) be compatible with
subsequent chemical oligomerization of the glycobrick but also (ii) be compatible in size with
the enzyme active site, therefore carrying small protecting groups, and finally (iii) yield a stable
and soluble molecule in aqueous solvent compatible with enzyme usage. Sufficient quantities

of the molecule had to be synthesized for method development and enzyme screening.

The very challenging chemical route comprised a total of 23 steps, and represented one of the
main roadblocks of this project. Indeed, the molecule proved to be unstable at pH higher than
5 and was synthesized only in mg-amounts due to difficulties in scaling-up the reaction. This
had to be taken into account when considering enzyme usage, and enzymatic assays had thus

to be miniaturized to limit the consumption of the acceptor molecule.

In the absence of natural enzymes reported to catalyze wanted reactions, we decided to turn
to branching sucrases from the GH70 family. These enzymes are biocatalysts of choice to
attempt this glucosylation as they are able naturally to branch dextran molecules with glucosyl
units, they are active at pH 5 and they display a broad acceptor promiscuity. Owing to their
very open active site which features several flexible loops, branching sucrases have been
shown to tolerate a broad range of hydroxylated molecules as acceptor, often differing
drastically from the structure of their innate acceptor substrate. Moreover, these enzymes
utilize sucrose, a readily-available and cheap agro-resource as a glucosyl donor, perfectly
suited for integration in a large-scale production process. For example this would be of
particular interest in a process that would aim at developing vaccines for low and middle
income countries at a reduced cost. Finally, unlike family-related glucansucrases, branching
sucrases do not produce polymers, limiting presence of unwanted co-products that could lower

the yields and render downstream processes more difficult.

Glucosylation of the non-natural lightly-protected tetrasaccharide ABC’D’ using
promiscuous native branching sucrases

Using 6 native branching sucrases of our collection, we were able to glucosylate ABC’D’
without the need of enzyme engineering, and only few optimizations of the reaction conditions
allowed to improve the yields. This allowed to isolate and identify a first mono-glucosylated
product, P1 pentasaccharide, representative of Shigella flexneri serotypes 4a/4b, and
produced with a conversion yield increased up to 31% using the BRS-B A1 enzyme. A second
mono-glucosylated product, P2, was produced but unfortunately in too low amount to allow its
isolation for structural characterization by NMR spectroscopy. Added to a previous work where
the branching sucrase ANi:»;-GBD-CD2 was used for glucosylation of a non-natural
disaccharide, this new result further expanded the range of non-natural carbohydrates
recognized by branching sucrases. More generally it constituted another evidence of the

glucosylation of exogenous acceptors pointing out again the potential of these enzymes as
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glucosylation tools. This preliminary work revealed however some limitations in the use of
native branching sucrases that allowed to access only two out of the eight possible
glucosylation patterns. To that extent, active site engineering was considered to generate
wider molecular diversity. Mutagenesis could also advantageously help to improve the
glucosylation yield for the two glycobricks (P1 and P2) already produced by the parental
enzyme. The utilization of BRS mutants was thus envisioned in a second stage.

Evaluation of pre-existing engineered branching sucrases to redirect preferential
production toward two distinct pentasaccharides

We decided to evaluate a library of 22 pre-existing mutants of a branching sucrase, ANis-
GBD-CD2, which were previously designed to accommodate and glucosylate bulky flavonoids.
Mutations targeted the first and the second-shell amino acid residues of the acceptor subsites.
They mainly focused on positions W2135 and F2136 or F2163 and L2166. Despite using a
lower pH than the optimal one, the mutant library could be assayed in a 10 pL scale
miniaturized format designed for lowering consumption of the acceptor molecule. Interestingly,
with the exception of one mutant, all of them were found able to glucosylate ABC’D’,
redirecting preferential production towards P1 or P2 depending on the introduced mutations.
Six mutants forming preferentially either P1 or P2 were selected for further investigation at a
larger 50 pL scale. Three mutants clearly showed distinct features. The double mutants
W2135S-F2136L or W2135I-F2136C led to (i) new specificities with new products identified:
P3 pentasaccharide and an hexasaccharide H1, and (ii) a better production of P1 compared
to the parental enzyme. On the other hand, the single mutant F2163G allowed a better
production of P2 with an 8% acceptor conversion yield, and the corresponding

pentasaccharide was identified as being characteristic of S. flexneri prevalent serotype 3a.

Mutants W2135S-F2136L and F2163G were characterized in more details at biochemical and
biophysical levels. First, their kinetic parameters in sole presence of sucrose were determined,
indicating a better affinity for sucrose compared to the parental enzyme but decreased
maximum velocities. Stability of the mutants was assessed by determination of Melting
temperatures (Tm) by Differential Scanning Fluorimetry, showing two peaks. Results showed
that Tm value was lowered by 3°C in its first T, in the presence of the F2163G mutation. Both
mutants lost their second melting temperature suggesting a different unfolding behavior
compared to the parental enzyme. Finally, in the presence of the natural acceptor, dextran,
mutant F2163G was found to keep similar branching ratio as the parental enzyme with
introduction of around 33% a1,2 linkages determined by NMR analysis. On the other hand,
mutant W2135S-F2136L revealed a decreased branching ratio with only 12% of a1,2 linkages
introduced, and a slightly different branched dextran profile as shown by HPAEC-PAD

analyses.
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In order to better understand the effects of these mutations, modelling studies were carried out
and provided insights on the tetrasaccharide binding mode in the branching sucrase active
site. Of note, the interaction networks of active site residues were established after graph
analysis of the simulations carried out for the three mutants. Key residues and interactions
favoring glucosylation of the tetrasaccharide at one or the other extremity were identified. In
light of experimental results, these analyses helped to improve our knowledge on key
molecular and dynamical determinants from the active site onto product specificity which could
help to guide further their engineering. This also demonstrates the potential of introducing
selected mutations in branching sucrases to control the regio-selectivity and enhance the

range of accessible glucosylated molecules.

Computer-aided engineering of the branching sucrase BRS-B A2 to access a whole
new diversity of regio-selective glucosylation patterns of the tetrasaccharide

Building upon this achievement which indicated that mutations into the active site could lead
to changes in the product profiles and give access to new mono-glucosylated ABC’D’
molecules, we added another layer of complexity by applying a computer-aided enzyme re-
design approach to BRS-B A2, the best P1 producing branching sucrase. Using a combination
of molecular modelling and computational protein design techniques, a small library of 49
mutants was designed, compatible with limited availability of ABC’D’ acceptor. Mutants
contained between 9 and 15 mutations in their active site. Although very challenging, we
managed to produce all the mutants in soluble form after optimization of the culture conditions.
This required the use of chaperone proteins that helped to fold the enzymes and prevented
their aggregation, as well as the optimization of the culture medium. Despite detrimental impact
of mutations on sucrose recognition, 16 mutants out the 49 tested, conserved an activity on
the donor, representing around 33% of positive hits, far more than earlier reports that used
random or semi-rational mutagenesis (Vergés et al. 2015). Mutants were subsequently
evaluated for glucosylation of ABC’D’, providing access to 6 mono-glucosylated products and
several double-glucosylated products (preliminary data not shown). Some mutants remained
quite specific for the production of one pentasaccharide while others produced up to 4 mono-
glucosylated products. Among them, M21 was the best enzyme for the production of P3, even
in comparison to mutant W2135S-F2136L from AN1,3-GBD-CD2 branching sucrase. P3 was
isolated and further characterized by NMR, revealing a glucosylation on the tetrasaccharide
inner chain B subunit, never achieved using a native branching sucrase. The exact
determinants responsible for re-orienting the tetrasaccharide in a specific binding mode
compatible for branching within the chain could not be elucidated and probably result from

synergetic effects of the 11 different mutations.
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On the same note, M35 and M40 displayed a novel specificity, and while not yet fully
understood on a molecular level, they allowed to access newly identified pentasaccharides,
P2” and P3’, respectively. Produced in too low amounts, their characterization required a more
sensitive technique than NMR spectroscopy that would avoid large scale production and
purification of the molecule. MS/MS was then used to elucidate product structures, revealing
more particularly that P3’ was representative of S. flexneri serotype 5a. Further work is still
necessary to understand in more depth the role of the mutations. Deconvolution could help to
identify the critical ones and may lead to (i) remove mutations that were deleterious for enzyme
soluble expression or loss of activity on sucrose and (ii) improve specific production of a given
pentasaccharide, but given the high number of mutations and combinations, it would be quite

challenging and would require higher quantities of acceptor molecule.

This unprecedented engineering of the recently discovered branching sucrase enzymes lays
the ground for the construction of a glucosylation toolbox that could be used as a starting point
for glucodiversification of various molecules, including non-natural carbohydrates. Of course,
further engineering would still be required to improve enzyme activity and conversion yields or

enzyme expression to make the mutants suited for larger-scale processes.

203



OH-6,: serotype 4al4b
P1

Best enzymes:
BRS-B A2

OH-4. & OH-6, BRS-E

BRS-B A2 M6

No enzymes identified yet

OH

0
o HOQG OAIl

P3

Bestenzymes: N HC(O)CC|3

BRS-B A2 M21 HO O

BRS-B A2 M41
N,23-GBD-CD2 W21355-F2136L O

OCIAc
' O
OH-35: serotype 5a HO
P3’
HO

Best enzyme: O
BRS-B A2 M35
+HO
OH-4 H O
s OH ,
Best enzymes:
BRS-B A2 M21 OH-2
AN ,3-GBD-CD2 F2163G .- e
BRS-B A2 M23 OH-3,: s;;otype 3a P2
Bestenzymes: Best enzyme:
AN, ,5-GBD-CD2 F2163G BRS-B A2 M40
BRS-B A2 M30
BRS-A

Figure 1: Summary of the different mono-glucosylated products obtained using native and engineered
branching sucrases. The best enzymes identified for their synthesis are indicated for each targeted
hydroxyl group. In red are indicated the glucosylation patterns characteristic of S. flexneri serotypes.
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Perspectives

Altogether, our results set the ground for the development of chemical and enzyme-based
processes working in combination to achieve the synthesis of carbohydrates relevant for
vaccine development. Thanks to these synergistic routes, we were able to access for the first
time 6 distinct mono-glucosylated products out of the 8 possible ones from ABC’D’, using both
native and engineered branching sucrases. Three of these products turned out to be
representative of S. flexneri serotypes 4a/4b, 3a/X, and 5a (Figure 1). Of course, product yields
were often low and the enzymes not always suited for a larger scale process, requiring further

optimization, but they still constitute a good starting point to address the following objectives:

1) To tackle the tetrasaccharide synthesis challenges for scaling-up its production,
allowing to improve the reaction conditions and enabling screening of new mutants

2) To develop an appropriate methodology for higher screening throughput of BRS
enzymes

3) To obtain crystallographic structures of BRS-B A2 and its mutants, if possible in
complex with the products

4) To validate the concept proposed by Pasteur Institute by producing glycobricks at the

gram-scale for chemical elongation

Efforts to address the synthesis challenges

Further optimization of the enzymes was limited due to the low available amount of
tetrasaccharide acceptor. Each step of the tetrasaccharide chemical synthesis is being
carefully optimized at Pasteur Institute to ease the scale-up of the molecule. Laboratory scale-
up was difficult to control, especially the final deprotection step of the synthesis. Moreover,
unexpected low stability of the chloroacetyl protecting group at pH > 5 was another obstacle
to the synthesis of ABC’D’. Alternative synthetic routes are being explored at the Pasteur

Institute that will hopefully lead to higher production of the tetrasaccharide.

This will enable to further improve the enzyme reaction conditions by thoroughly setting up a
design of experiments that could not be done so far. Various parameters could be considered
in the optimization such as the concentration of ABC’D’ acceptor and sucrose donor, the
enzyme quantity, the optimal pH and temperature, as well as the duration of the reaction.
Moreover, kinetic parameters could be determined in order to better understand the enzyme
behavior in presence of the acceptor. This would help to determine the best conditions for
enzymatic reaction, required for a scale-up, especially if observing inhibitory effects of the

acceptor.
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Construction of a versatile enzymatic toolbox for the glucosylation of exogenous
acceptors

In S. flexneri, at least 15 serotypes are currently described with several new (sub)serotypes
emerging and displaying new modifications of the repeating linear tetrasaccharide backbone
constituting the LPS such as introduction of phosphoethalonamine and O-acetyl groups or new
glucosylation patterns. In particular, serotypes defined by either two distinct glucosylations
(serotypes 1d or 2b) or one di-glucosylation (serotypes 7a and 7b) are already described, and
new mono-glucosylation patterns might emerge in Nature after phage-mediated transfer of
genes encoding new glygosyltransferases. Therefore, the additional glycobricks obtained with
either atypical mono-glucosylation at OH-4, and OH-4z or di-glucosylations could very well be
of interest in future episodes of emerging infections. The enzymatic toolbox developed in this
study could thus allow to access to these structures and be used for vaccine formulation. This
is why it would be quite interesting to determine the structures of all the remaining glucosylated
products using the preliminary MS/MS method described in chapter IV. However, we have to
keep in mind that yields were very low and except for P1, P2 and P3, the products were often
detected in trace quantities. The enzymes responsible for the synthesis of the novel products
could however be further optimized to fulfil several objectives: improve the soluble expression,
improve the yields, increase the activity toward sucrose donor, and achieve more specific
synthesis of a given product. The latter could be the most challenging, due to the large and
exposed active site of branching sucrases, surrounded by highly flexible loops, which allow the
acceptor to bind in several productive modes, leading to various products. Larger libraries of
mutants and high-throughput screening methods would then be needed to explore a larger

diversity.

Branching sucrases reported herein display original specificity that could be opportunistically
utilized to glucosylate additional acceptors, including carbohydrates representative of other
bacteria serotypes featuring a-glucosyl on their cell-surface polysaccharides, such as Candida
difficile, E. coli 025, Enterococci faecalis, Klebsiella pneumoniae K2, Moraxella catarrhalis,

Pseudomonas aeruginosa O11 etc. (Micoli et al. 2018b)

Engineering a strain for the development of a high-throughput selection assay

As already stated, additional enzyme engineering is a prerequisite to improve further enzyme
expression and catalytic performances. However, the low/medium LC-MS throughput-
screening methods used herein are not appropriate for large libraries of mutants. New
methodologies are emerging such as microfluidics and capillary analysis in Ultra High
Performance Liquid Chromatography that could allow scaling down reaction volumes to a few

nanoliters, avoiding consumption of rare acceptors, as well as increasing the analysis
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throughput. However, pre-screening the library of mutants for active enzymes would still be a

bottleneck in the workflow.

To address this limitation, we started the development of an engineered strain suited for the
screening of sucrose-utilizing enzymes. We planned to integrate in the genome of E. coli BL21
strains, used for enzyme expression, a sucrose permease gene from the sucrose catabolic
operon (cscAKBR) of E. coli W strain, based on prior work of Claudia E. Vickers group (Sabri
et al. 2013b, 2013a). This operon contains initially the cscB gene, encoding for a sucrose
permease, cscA (invertase), cscK (fructokinase) and cscR (csc-specific repressor). The
rationale of this integration was to develop a growth selective assay that is described hereafter.
After transformation into the modified E. coli strain, a library of variants will be plated onto
minimal medium containing sucrose as the sole carbon source. Clones that integrated an
active enzyme on sucrose will be able hydrolyze it into fructose and glucose, which will be then
used in central carbon metabolism for colony growth. Conversely, inactive variant, deprived
from a carbon source and not able to metabolize sucrose will not grow (Figure 2). Previous
medium-throughput screening assays on solid medium developed in the team relied on
colorimetric discrimination of active and inactive clones and were only compatible with the
highly sucrose-active glucansucrases (Champion et al. 2010). This selection method offers the
advantage to select only active variants, is compatible with branching sucrases as well, and
could be automated using automated colony picking, enabling to access a high-throughput

selection assay.

Sdéed
0@ * Sucrose
0® 0@ 0@ 9% yansported

Glc, Fru
/ used for
metabolism

Active variant Inactive variant
Able to hydrolyze sucrose Unable to hydrolyze sucrose
Growth on minimal medium No growth on minimal medium

Figure 2: The new strain able to express a sucrose transporter would be suited for selection of sucrose-
utilizing enzymes. After transformation of a library of variants, only clones having integrated an active
enzyme on sucrose will be able to grow on a minimal medium supplemented in sucrose.
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Preliminary work was performed, the sequence of part of the operon, cscAKB, was retrieved
from the pCSCX plasmid available in Addgene public bank. The ribosome binding site (RBS)
and the gene cscB encoding the sucrose permease were specifically amplified, as well as the
promoter region of the operon. The “promoter-RBS-cscB” construct was assembled with multi-
fragment Gibson assembly into pKIKO (knock-in / knock-out) plasmid developed by Vickers’
group. This plasmid carries homologous sequences allowing integration of genes into E. coli
genome at the non-essential ars locus encoding for an arsenite transporter, along with a gene
for kanamycin resistance used for selection. A mutation, Q353H, described to enhance
permease activity and therefore sucrose transport (Jahreis et al. 2002) was also performed on
cscB gene. Both constructs (transporter and mutated transporter) were linearized and
transformed into E. coli BL21, previously transformed with the temperature-sensitive plasmid
pKD46 containing A red sequence promoting the homologous recombination system. Our first
attempts did not allow to integrate the sequence and this work is to be continued. In parallel,
another strategy for expression of the transporter on a plasmid was started. This work could
ultimately lead to the development of a strain usable for the accelerated selection of sucrose-
utilizing enzymes, such as amylosucrase from GH13, and glucansucrases, as well as

branching sucrases from GH70.

Gaining structural insight on BRS-B A2 branching sucrase to improve design accuracy
and guide further engineering studies

Only one crystallographic structure of a branching sucrase (AN123-GBD-CD2) is available to
date. Thanks to this structure, it was possible to construct a 3D-model of BRS-B A2 (49%
identity with AN1.3-GBD-CD2) by comparative modelling. However, the construction of a model
presents many risks, as biases could be introduced due to structural rearrangements, mutation
impact on 3D organization and dynamics, environment effect, oligomerization etc. In the case
of branching sucrases, we investigated the impact of loop dynamics on active site topology of
branching sucrases (Ben Imeddourene et al. 2018), suggesting that it could be at the origin of
the large acceptor promiscuity. As seen in this study, it is difficult to re-direct the glucosylation
towards one specific hydroxyl on the basis of current structural knowledge and information.

Therefore, preliminary attempts were made to obtain the X-ray structure of BRS-B A2.

Obtaining this structure would allow to better understand the molecular determinants involved
in the natural a1,3 linkage specificity when dextran is used as an acceptor and overall improve
our knowledge on this recently discovered sub-class of enzymes. It could also help to guide
future engineering projects involving this enzyme, which has already proven to be versatile
and a very powerful tool for glucosylation of exogenous acceptors. However, crystallization of
GH70 enzymes remains difficult, due to their size and flexibility, in particular at their N- and C-

terminal extremities. The original purpose of the BRS-B A2 truncation was to remove
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disordered regions at N-terminal extremity, which was done in the team by M. Claverie

(unpublished work, 2014). However, no crystals were obtained.

Continuing this work, we showed in this study both by molecular modelling studies and
experimental work that the presence of sucrose and isomaltooligosaccharides could stabilize
branching sucrases. Notably, DSF experiments showed an increase in the melting temperature
correlated with an increase of sucrose concentration or an increase of the oligosaccharide
size, indicating an enzyme stabilization (Figure 3). Active form of BRS-B A2 however could not
be used in presence of sucrose in crystallographic assays due to its hydrolytic activity.
Therefore, | constructed the inactive mutant BRS-B A2 E709Q, mutated on its catalytic
acid/base residue. The mutant enzyme should still be able to bind sucrose but not utilize it.
After production and purification set-up, the pure enzyme was assayed and a first set of 384
conditions was tested in presence of sucrose and isomaltooligosaccharides of different sizes
(up to DP11). Luckily, | obtained small crystals (10 um) and the first low resolution diffraction
data sets could be collected. Optimization of the crystallization conditions is still ongoing and
will hopefully allow to obtain larger crystals and better diffraction data. This work is currently in
progress with the help of G. Cioci, research engineer in the team, and will hopefully lead to

exploitation and valorization of the crystallographic structure.

A 4000 B

~-=BRS-B A2 E709Q
=10 mM sucrose

1 mM sucrose
10 mM I3
=10 mM IS

10 mM 17

-6 000

-8 000

Fluorescence (RFU)

-10 000

-12 000

-14 000

-16 000

Temperature (°C)

Figure 3: A/ Melting curves obtained with Differential Scanning Fluorimetry experiments with the
inactive mutant E709Q of the parental enzyme BRS-B A2 only, or in presence of either sucrose or
isomaltooligosaccharides (13, 15, 17). B/ First crystals (10 um) obtained with BRS-B A2 in presence of
sucrose and an isomaltooligosaccharide ligand.

Of prime interest for the project, we also aim in the near future at determining crystallographic
structures of the mutants of interest, potentially in complex with their pentasaccharide products
or ABC’D’ acceptor. This will validate the study presented herein, and allow identifying the

mutations that were mostly involved in the glucosylation selectivity.
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Improved knowledge could then help to further engineer these enzymes to improve yields and
hopefully access the last two remaining glucosylation patterns representative of S. flexneri

prevalent serotypes.

Validation of the highly convergent synthesis strategy by formulating the first proof of
concept glycoconjugate vaccine candidates

The next steps of this project will be to produce glycobricks at the gram-scale. After the
chemical synthesis is ready for transfer to external suppliers, gram—scale synthesis of the
tetrasaccharide will allow to consider large scale enzymatic glucosylation of ABC’D’ to produce
enough pentasaccharides for the subsequent chemical elongation phases by the group of L.
Mulard at the Pasteur Institute. First, chemical elongation of the glycobricks will be attempted.
The O-allyl protecting group introduced at 1p in combination with 2p-trichloroacetamide should
allow assembling the glycobricks to at least a 15mer. Moreover, thanks to the chloroacetyl
group, derivatization towards acetyl or hydroxyl at position 2¢ will be possible at this point as
required depending on the subserotype targeted (e.g. 4a or 4b). Assembly can occur either in
a linear or modular way and artificial haptens could be produced to display, at the surface of
carrier proteins, oligosaccharides representative of one or several S. flexneri serotype(s). The
corresponding glycoconjugates will then be evaluated in immunology assays. Variation in the
structures will also be considered by varying combinations of glycobricks, oligosaccharide size,

number of linked haptens, or also the nature of the carrier protein or linker.
In conclusion, this preliminary work paves the way for future projects which will hopefully allow:

1) To improve the reaction conditions for ABC’D’ glucosylation

2) To diversify accessible glucosylated products using the enzymatic glucosylation
toolbox of great interest to identify starting points in future projects

3) To accelerate selection of sucrose-active mutants from large libraries thanks to the
engineered strain

4) To decipher the molecular determinants responsible for a1,3 linkage specificity of BRS-
B A2 and improve our knowledge on this class of enzymes, in order to better guide
future enzyme engineering projects

5) To produce at the gram scale glycobricks described in this study for their chemical

elongation and biological evaluation.
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