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6xHis-tag - hexahistidine fusion tag
Araf - arabinofuranose
Araf-ase - arabinofuranosidase
BF - bright field
bp - base pair
CAZy - Carbohydrate-Active Enzymes
EC - Enzyme Commission
EDTA - ethylenediaminetetraacetic acid
ELISA - enzyme-linked immunosorbent assay
EPS -exopolysaccharides
FAD - flavine adenine dinucleotide
Fruf - fructofuranose
Fucf - fucofuranose
Galf - galactofuranose
Galf-ase - galactofuranosidase
GalfT - galactofuranosyltransferase
GFP - green fluorescent protein
GHs - glycoside hydrolases
GIPLs - glycoinosinositolphospholipids
Glcf - glucofuranose
GM - galactomannan
hIntL - human intelectin — intelectin-1
HPLC - high performance thin
layer chromatography
HRMS - high-resolution mass spectrometry
IMAC - immobilized metal-affinity
chromatography
IPTG - isopropyl-f-p-1-thiogalactopyranoside

ITNL1 - intelectin-1 —» human intelectin

IUBMB - Union of Biochemistry and Molecular Biology
LPGs - lipophosphoglycans
LPS - lipopolysaccharide
Manf - mannofuranose
MC - metallacrown
MRI - magnetic resonance imaging
NIR - near-infrared
NMR - nuclear magnetic resonance
NPs - nanoparticles
NTA-Ni2+* - Ni2+* immobilized on

a nitrilotriacetic acid matrix
OREF - open reading frame
PAMPs - pathogen-associated molecular patterns
PCR - polymerase chain reaction
PDB - Protein Data Bank
PET - positron emission tomography
PET /MR - positron emission tomography/

magnetic resonance
PNP - para-nitrophenol
PNP-B-D-Galf - para-nitrophenyl -p-galactofuranose
quinHA - quinaldichydroxamic acid
SDS-PAGE - sodium dodecyl sulfate-polyacrylamide

gel electrophoresis

SPECT - single-photon emission computed tomography
tr — retention time
UDP-Galf - uracil diphosphate galactofuranose
UDP-Galp - UDP-galactopyranose
UGM - UDP-galactopyranose mutase
XCT - X-ray computed tomography
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I. General introduction

I. General introduction

Outside their role inside living organisms, the enzymes have a long history of use in
human life dating back to prehistorical times when food culture began to emerge and
enzyme-fermented products from various food sources were introduced.! Since then, our
dependence on the enzymes and enzyme-related products has not changed, rather it is
relevant more than ever. Nowadays, when environmental concerns over pollution and
industrialization are growing, they offer alternative to traditional chemical treatments in

production of goods.?

The impact of modern biotechnology and recombinant DNA technology has made
enzymes available and economically feasible. It enabled a whole new diversity of enzymes
to be accessed in the field of glycoenzymes. In parallel carbohydrate-based materials have
emerged in an increasing number of applications in the food and feed, pharmaceutical or
other industries. To access these carbohydrate structures in high demand, natural
glycoenzyme catalysts, have provided over recent decades an alternative to chemical
synthesis. Utilization of glycoside hydrolases brings all the important advantages of an
enzyme catalyst. They greatly contribute to the development of novel synthetic tools and
are strongly beneficial when looking for very specific sugar structure(s). Their
engineering capacity gives freedom to expand their repertoire for diverse applications. To
develop such innovative and versatile tools, tight interactions between scientific

community and industry has to be considered (Figure I-1.).34
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Figure I-12. Glycoside hydrolases as platform for versatile applications.
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A current area of interest is broadening the search spectrum to rare glycan substrate
specific glycosyl hydrolases, preferably, form narrow group of organisms involved in
pathological conditions, in order to create altered characteristics, various function and

application possibilities within protein engineering.

In the context of interdisciplinary approach, the NeoLect project, supported by APR IR
Région Centre-Val de Loire and this doctoral thesis have been initiated. The main idea and
objectives of this thesis can be outlined from its title “Design of galactofuranosyl-specific
NeolLectins: bioengineering, imaging and diagnosis”. Research work has been carried out
in collaboration between two groups, Enzymology and Glycobiochemistry group, which
is part of Organic Synthesis - GlycoBio & Chemistry team at Institute of Organic and
Analytical Chemistry (ICOA), and Luminescent lanthanide compounds, optical
spectroscopy and bioimaging group, which is part of Chemistry, Imaging and Exobiology
team at the Centre for Molecular Biophysics (CBM). Both research groups are gathered
under the French National Centre for Scientific Research (CNRS).

The Enzymology and Glycobiochemistry research group of Pr. Richard Daniellou and Dr.
Pierre Lafite was founded in 2012 and the group’s main research interest is towards
understanding the mechanisms and structures of enzymes involved in synthesis
(glycosyltransferases) or cleavage (glycoside hydrolases) of glycoconjugates. The group
has well established multidisciplinary procedure and uses enzymes as biocatalysts to
synthesize original carbohydrate-containing compounds, mainly thioglycosides. Since
different experimental techniques, including molecular biology, biochemistry and
structural studies, are employed in this laboratory thus allowing us to realize the first part
of the thesis objective, characterization and bioengineering of galactofuranosidase

towards neolectins.

The Luminescent lanthanide compounds, optical spectroscopy and bioimaging group, led
by Prof. Stéphane Petoud, aims to provide new tools for biological analysis and imagery.
This specifically includes the development of near-infrared (NIR) emitting lanthanide
compounds and novel sensitizing antenna. This aspect of their expertise provided us with
opportunity to realize second major objective of thesis, development of NIR luminescent

probe amenable for functionalization with enzymes.
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I. Introduction générale

En dehors de leur réle dans les organismes vivants, les enzymes ont une longue histoire
d'utilisation dans la vie humaine qui remonte a la préhistoire, lorsque la culture
alimentaire a commencé a émerger et que des produits fermentés par enzymes provenant
de diverses sources alimentaires ont été introduits.! Depuis lors, notre dépendance a
I'égard des enzymes et des produits apparentés n'a pas changé, mais elle est plus
pertinente que jamais. Aujourd'hui, alors que les préoccupations environnementales liées
ala pollution et a l'industrialisation ne cessent de croitre, elles offrent une alternative aux

traitements chimiques traditionnels dans la production de biens.?

L'impact de la biotechnologie moderne et de la technologie de I'ADN recombinant a rendu
les enzymes disponibles et économiquement viables. Elle a permis d'accéder a une toute
nouvelle diversité d'enzymes dans le domaine des glycoenzymes. Parallelement, des
matériaux a base de glucides sont apparus dans un nombre croissant d'applications dans
I'alimentation humaine et animale, l'industrie pharmaceutique ou d'autres industries.
Pour accéder a ces structures glucidiques en forte demande, des catalyseurs naturels a
base de glycoenzymes ont fourni au cours des dernieres décennies une alternative a la
synthese chimique. L'utilisation des glycosides hydrolases apporte tous les avantages
importants d'un catalyseur enzymatique. Elle contribue grandement au développement
de nouveaux outils synthétiques et est tres bénéfique pour la recherche de structures
sucrieres tres spécifiques. Leur capacité d'ingénierie leur donne la liberté d'élargir leur
répertoire pour des applications diverses. Pour mettre au point des outils aussi novateurs
et polyvalents, il faut tenir compte des interactions étroites entre la communauté

scientifique et I'industrie (Figure I-1.).34
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Figure I-1. Les glycosides hydrolases comme plate-forme pour des applications
polyvalentes.

Un domaine d'intérét actuel est I'élargissement du spectre de recherche aux glycoside
hydrolases spécifiques des substrats de glycanes rares, de préférence formant un groupe
étroit d'organismes impliqués dans des conditions pathologiques, afin de créer des
caractéristiques modifiées, diverses fonctions et possibilités d'application dans le génie

protéique.

Dans le cadre d’'une approche interdisciplinaire, le projet NeoLect, soutenu par APR IR
Région Centre-Val de Loire et cette these de doctorat ont été initiés. L'idée principale et
les objectifs de cette these peuvent étre résumés a partir de son titre " Mise au point de
NéoLectines spécifiques des furanosides: bioingéniérie, imagerie et diagnostic ". Les travaux
de recherche ont été menés en collaboration entre deux groupes, le groupe Enzymologie
et Glycobiochimie, qui fait partie de 1'équipe Syntheése organique - GlycoBio & Chimie de
I'Institut de Chimie Organique et Analytique (ICOA), et le groupe Composés luminescents
de lanthanide, spectroscopie optique et bioimagerie, qui fait partie de 1I'équipe Chimie,
imagerie et exobiologie du Centre de Biophysique Moléculaire (CBM). Les deux groupes
de recherche sont regroupés au sein du Centre National de la Recherche Scientifique

(CNRS).

Le groupe de recherche en Enzymologie et Glycobiochimie du Pr. Richard Daniellou et Dr
Pierre Lafite a été créé en 2012 et le principal intérét de recherche du groupe est de
comprendre les mécanismes et structures des enzymes impliquées dans la synthese

(glycosyltransférases) ou le clivage (glycosides hydrolases) des glycoconjugués. Le
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groupe a une approche multidisciplinaire bien établie et utilise des enzymes comme
biocatalyseurs pour synthétiser des composés originaux contenant des glucides,
principalement des thioglycosides. Ainsi différentes techniques expérimentales, incluant
la biologie moléculaire, la biochimie et les études structurales, sont utilisées dans ce
laboratoire, nous permettant ainsi de réaliser la premiére partie de 1'objectif de la these,

la caractérisation et la bioingéniérie de la galactofuranosidase vers les néolectines.

Le groupe sur les composés luminescents de lanthanides, la spectroscopie optique et la
bio-imagerie, dirigé par le Pr. Stéphane Petoud, vise a fournir de nouveaux outils d'analyse
et d'imagerie biologiques. Il s'agit notamment de la mise au point de composés
lanthanides émettant dans le proche infrarouge et d'une nouvelle antenne
sensibilisatrice. Cet aspect de leur expertise nous a permis de réaliser un deuxiéme
objectif majeur de these le développement d'une sonde luminescente NIR apte a la

fonctionnalisation par enzymes.
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II. Carbohydrates - essential molecules of life
1. Natural glycofuranoses

Glycans, oligosaccharide moieties that originate from a small set of monosaccharides,
make general patterns that are typically found in conjugated glycoproteins and
glycolipids and usually are exposed to the extracellular side of membrane where they
form exopolysaccharide or glycocalyx (Figure I-2.).5-8 The most common monomeric
constituents of glycans are hexoses, given that the monosaccharides with less than four
(trioses, tetroses) or more than six carbon atoms (heptoses, octoses) are relatively rare in

nature.%10
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Figure 1-13. The carbohydrate layer on the cell surface is composed of the glycans
(oligosaccharides) attached to membrane glycolipids and membrane glycoproteins.11

Putative set of monosaccharide building blocks, i.e. glucose, mannose, galactose, fructose,
ribose, xylose and arabinose, constitutes glycans in organisms.12 In practice, they exist in
a cyclic six-membered pyranose or five-membered furanose forms, among which one, the
most thermodynamically stable pyranosyl moiety, is nearly always preferred. The
curiosity of glycan structures is that furanoses, with the exception of (deoxy)ribofuranose
backbone of DNA and RNA, are absent in mammals, including humans.13 The
hexofuranose galactofuranose (Galf), the pentofuranose arabinofuranose (Araf), and the
hexulose fructofuranose (Fruf) represent three most common furanose sugars found in
glycans of plants and microorganisms.1# Beside these furanoses, glucofuranose (Glcf),
fucofuranose (Fucf) and mannofuranose (Manf) are more scarcely encountered in plants

or bacteria. Exploiting the differences between the human glycome and those of
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pathogenic microorganisms is a promising target for biomedical research.1>16 Hence, the

focus is on one particular furanose, namely galactofuranose.

2. Galactofuranose
2.1. Occurrence in nature

D-Galactose is a hexoaldose, C-4 epimer of glucose, widely distributed in nature while the
existence of less common L-galactose was only found in some plant, algae and snail

glycans and it can be found in both pyranosic and furanosic configurations.1”

Chemically, in the solid state and in the solutions, hexoses exist in a cyclic hemiacetal form
and occupy either six-membered pyranose or five-membered furanose forms, where
sterically and thermodynamically favoured is pyranose ring. Both cyclic forms of
galactose, Galfand Galp, are interconverted through the linear form, which is present only

to an instantaneous extent (Figure I-3.).18

CHO
o. ©H H——OH OH OH
OH HO——H Q
HO: - - HO——H HO OH
OH H——OH OH
CHZ0H

HO

B-D-galactofuranose f3-D-galactose [B-D-galactopyranose
(B-p-Galf) (B-p-Gal) (B-p-Galp)

Figure I-14. The equilibrium representation between cyclic forms of D-galactose in
solution. The rapid interconverted of cyclic, Galf and Galp, forms through acyclic form and
favorable equilibrium for Galp are indicated by the arrows.1?

Nevertheless, galactofuranose is by far the most widespread hexofuranose in nature. This
thermodynamically disfavoured hexofuranose is absent in mammalian glycoconjugates,
but is present in other domains of life ranging from archaea and bacteria, to protozoa,
fungi, and plants where it forms glyosidic linkages mainly in 3-anomeric configuration,
although several examples in which a-anomeric configuration occurs can be found.
Distinctly, in mammals, only galactopyranose is found as a ubiquitous form. Although
exceptionally it can be present as free monosaccharide, in nature, it is commonly linked
to other molecules like glucose, building simple disaccharide structures (lactose or milk
sugar), or as constituent of glycans in complex glycoproteins (ABO blood group antigens)
and glycolipids.”

Interest for furanoses dates back to the beginning of the 20th century and the very starts

of carbohydrate chemistry when the first synthetic methods for selective glycofuranoside
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synthesis were developed.20 Galactofuranose was first identified in 1937 as a component
of fungal extracellular polysaccharide, galactocarlose, produced by Penicillium
charlesii.?122 Only year later, synthesis of the first 3-p-galactofuranosides was reported.23
Over the decades, galactofuranose has been found in many naturally occurring molecules
originating from variety of organisms, not necessarily pathogenic. Lately, interest for this
unusual carbohydrate has not diminished due to findings of its xenobiotic and
immunogenic properties. In the following sections occurrence of -p-Galf units will be
presented. Here, the intention is not to be exhaustive and give a complete overview of all
natural Galf-containing structures, but rather to focus on major structures, particularly
found in prokaryotes and two different classes of eukaryotes, fungi and protozoa, and to
illustrate them with representative and most studied examples. Thereby, the focus will
mainly be on pathogenic organisms such are bacteria Mycobacterium tuberculosis, fungus

Aspergillus fumigatus and protozoa Leishmania major.

2.1. In bacteria

In both Gram-positive and Gram-negative bacteria, Galfis either part of a homopolymer,
with a Galf disaccharide as a repetitive unit, or part of a heteropolymer, linked to another
monosaccharide frequently galactopyranose, forming a regular glycans that are
sometimes branched. 24 These glycans, composed of Galf units, are usually part of complex
glycoconjugates structures that are building bacterial cell wall. Some of these bacteria are
highly pathogenic and presence of Galf-containing conjugates appears to be essential for
their virulence. These include lipopolysaccharide (LPS) O-antigens of Escherichia coli K-
12 and enteroinvasive E. coli 0164 as well as the galactan-I repeating unit of O-antigen

from Klebsiella pneumoniae.?>

The notable example of highly complex structure composed largely of rare carbohydrates
and lipids is the mycobacterial cell envelope where Galf has crucial constructive role.26
After several decades of successful chemotherapeutic treatment and vaccination
prevention, Mycobacterium tuberculosis has emerged as multidrug resistant and
tuberculosis become one of major causes of mortality worldwide.2? The cell envelope of
Mycobacterium tuberculosis is very thick, hydrophobic structure displaying very limited
permeability. It consists of three main structural components, typical prokaryotic plasma

membrane, cell wall and outer membrane, also referred as mycomembrane.28 The entire
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complex of cell wall is noncovalently attached to plasma membrane with the bottom
peptidoglycan layer, which via disaccharide linker connects to the central glycan core,
highly branched arabinogalactan polysaccharide. In addition, two-thirds of arabinans are
terminated by a cluster of mycolic acids that form outer membrane layer and capsular
segment containing variety of loosely attached proteins, lipids and polysaccharides

(Figure I-4. A).28

Arabinogalactan is cell wall core assembly, composed of arabinofuranose and
galactofuranose that make two distinct structural motifs, arabinan and galactan. The
galactan is linear polymer and consists of approximately 30 altering -p-Galf-(1-5) and
B-p-Galf-(1—6) residues that bear highly branched arabinan chains which inner backbone
contains about 35 (1—5)-a-D-Araf residues (Figure I-4. B).

Q@ B(1-2)Araf
@ a(1-5)Araf
O aE-5)Araf
© a(1-3)Araf
Q@ BO-s)Galf
O Bs-6)Galf
© BOI-6)Galf
@ Succinyl or
GalN residue

Mycolic BB IIE ]l Ntiiccisissisenssenisansssussansasnininsssnsssusasnssanssenisansesusennsnsssninissnsasnsenssanints’
acids

Arabino-
galactan

Peptido-
glycan

Figure I-15. A schematic representation of Mycobacterium tuberculosis cell wall
structure. A) Depiction of the major cell wall features, including peptidoglycan,
arabinogalactan and mycolic acids. B) Detailed structure of mycobacterial
arabinogalactan composed of galactan and arabinan domains.2829

Mycobacterial cell wall is essential for its viability and largely is responsible for the ability

to survive and escape the hostile environment of the macrophage. It is evident that 3-p-
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Galfis an anchoring platform for arabinogalactan complex, therefore it remains a central

focus as drug target.27,30

On the other hand, the motif 3-p-Galf-(1—6)-a-p-Galf was found in exopolysaccharides
(EPS) of non-pathogenic strains such is Lactobacillus rhamnosus, isolated from human
intestinal flora,23 Bifidobacterium catenulatum?3?! or Streptococcus thermophilus, produced
in skimmed milk.32 It is also interesting to note that the sulfated polysaccharide-
peptidoglycan complex, produced by soil bacteria Arthrobacter sp., contains a repeating

trisaccharidic motif and shows antitumor activity.33

Although a-p-Galf'is rare, it is sometimes present in previously mentioned structures that
are incorporated in glycan core. This is the case in the anaerobic eubacteria Clostridium
thermocellum and Bacteroides cellulosolvens, which produce a high molecular-mass
cellulose binding protein complex, cellulosome. The latter is glycosylated and within

tetrasaccharide units, a-p-Galf'is incorporated.24

2.2. In fungi

Fungal cell wall structural organization and composition is generally layered. It consists
of the inner, relatively conserved chitin core followed by branched glucan, which is bound
to the outer, more heterogeneous layer composed of proteins and/or other

polysaccharides whose composition depends on the fungal species (Figure I-5. A).34

In pathogenic fungi Penicillium, Histoplasma, Cryptococcus and Aspergillus species Galf has

been found as part of cell wall glycan.3>

Aspergillus fumigatus causes aspergillosis, one of the main of fungal infections in humans,
especially in immunodeficient patients. It is one of the most studied fungus due to the
presence of 3-D-Galf units. Interestingly, single Galf is essential for immunoreactivity of
the glycan and therefore they have been studied as in vitro markers for the early diagnosis
of the invasive aspergillosis.?# It is remarkable since 5% of the dry weight of A. fumigatus
consists of Galf, and it is quite abundant monosaccharide found and described in at least
four different molecules, galactomannan and its secreted form, glycoproteins, and within
glycosphingolipids. Galactomannan is a main exopolysaccharide structural form of the
cell wall, composed of (1—-2)- and (1-6)-a-dD-mannopyranoside core chain with around

four to ten units of (1-5)-B-p-Galf residues (Figure I-5. B). This galactomannan is also
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secreted and can be found as a free, soluble polysaccharide in the medium. In addition, -
Galf-(1-5)-B-Galf was identified in both O- and N-linked glycans from the

peptidogalactomannan and glycoinositolphosphoceramide.36:37
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Figure I-16. A schematic representation of Aspergillus fumigatus cell wall structure. A)
Depiction of the major cell wall features, including chitin, glucan and galactomannan. B)
Structural fragment of fungal galactomannan composed of mannan and galactan units.2%38

Other, noteworthy examples of D-Galf-containing molecules present in other fungal
species, include less common «-D-Galf found together with (-p-Galf in varianose,
extracellular polysaccharide produced by Penicillium varians.3° The same repeating units
of varianose have been found in the cell wall exopolysaccharides of P. vermiculatum and
Talaromyces flavus while Apodus deciduus contains (1—2)-Galf disaccharide only in a-

configuration.24

2.3. In protozoa

The presence of Galfin eukaryotic protozoa was reported in the early 1980s in family of
Trypanosomatidae, which includes for humans and animals parasitic genera Trypanosoma
and Leishmania. The glycoconjugates in these parasites have been in detail characterized
and apparently, no other examples of protozoa except trypanosomatids Crithidia spp. and

Endotrypanum schaudinni containing Galf have been reported.4041
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Protozoan parasites of the genus Leishmania have two different life cycle stages, flagellate
promastigote stage in insects and amastigote stage in mammalian phagocytic cells, during
which many morphological and structural changes of membrane glycocalyx occur. The
related Galf glycosylated membrane macromolecules are well studied in Leishmania
major, causative agent of leishmaniosis, and include two types of molecules,
lipophosphoglycans (LPGs) and glycinositolphospholipids (GIPLs). LPG is a major
glycoconjugate that covers entire surface of promastigote and contains internal
hexasaccharide B-Galf(1—3)-Manp core (Figure I-6.), which is conserved among all
Leishmania species. The GIPLs are present at the membrane surface ten times more than
LPGs, and contain the same repeating unit, only externally positioned. Both glycolipid
complexes LPG and GIPL are involved in the virulence and survival of the parasite, and

their unconventional hexasaccharide core has become target for the search for new

drugs.4243
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Figure I-17. A schematic representation of main Galf-containing glycoconjugates present
at the cell surface of leishmanial promastigote.#2
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2.4.In other organisms

Beside previously mentioned groups of organisms, other eukaryotic organisms
expressing different Galf-containing surface molecules include certain plants, lichens and
marine organisms. Even though rare in terrestrial plants, Galf was first described in 1981
as part of the cell wall glycoproteins in the unicellular green algae Chlamydomonas
reinhardii.** Molecularly unique, prymnesin-1 toxin, isolated from red tide alga
Prymnesiou parvum, contains 3-D-Galf residue linked to Coo unbranched carbon chain

(Figure I-7. A).45

Among marine organism, especially sponges of the genus Agelas sp. glycosphingolipid
agelagalastatin was described to contain the trisaccharide a-Galf{1-2)-B-Galf-(1-3)-
Galp and it showed antitumoral activity (Figure I-7. B).% Steroidal glycosides and
ganglioside containing Galf were isolated from the starfish Anthenea chinensis and
Achanthaster planci respectively.2524 The presence of Galf was also reported in the
nematode Caenorhabditis elegans, one of the model organisms in molecular and animal
biology studies but no reports about the presence in the mammals, including humans, has

been reported so far.4”

= 0, O5y (CHaCHy WER S W e n
O— NH OH
0 NH  C
OH Oy = R!= a-D-Ribf
HO I (CHz) 10
OH ¢4 HO— OH R3=q-L-Arap
HO OH R®= B-p-Galf

Figure I-18. Chemical structures of Galf-containing glycoconjugates. A) The structure of
toxin prymnesin-1, produced by Prymnesiou parvum. B) The structure of agelagalastatin,
glycosphingolipid produced by Agelas sp..2>
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3. Medical relevance & functional impact
3.1. Galactofuranose antigens - therapeutic & diagnostic target

The search for molecules unique to pathogenic microorganisms, pathogen-associated
molecular patterns (PAMPs), preferably surface-exposed, conserved in pathogens, and
absent in host organism, to circumvent potential risk of interference, has seemingly led to

one potential target, galactofuranose.*849

Biomolecules involving galactofuranose have attracted interest since they fulfil these
requirements and their presence in many pathogens suggests to be advantageous element
of survival and is considered essential for their virulence.2> Hence, galactofuranose is as a

new interesting candidate for a target in medical or biotechnological applications.

Possibilities to exploit the absence of this unusual monosaccharide in mammals, arises
from its biological significance in these pathogens. Impact of galactofuranose deficiency
on cell morphology and growth and its role in virulence was focus of numerous research
studies, predominately done on eukaryotic pathogens of Aspergillus and Leishmania
species. The modifications of the cell surface were most evident in fungi and resulted in
aberrant morphological changes and growth reduction, leading to hypersensitivity to
drugs and osmotic stress. The lack of Galfhad variable impact on the virulence capacity of
Leishmania, Trypanosoma and Aspergillus species. While in Leishmania major Galf-
deficient mutants presented only the initial delay in infection onset, in L. mexicana
infectivity was not attenuated and in the related parasite T. cruzi, Galf~-containing strains
were less infective than those expressing Galp. On the other hand A. fumigatus displayed

doubtly attenuated virulence, which might be dose-related.1?

Interestingly, the virulence effects vary within the observed organisms, indicating that
Galf involvement cannot be generalized and rather should be considered separately,
related to specific pathogen species. Understanding the exact role and contribution of
individual Galf-containing glycoconjugates and Galf itself on morphology, survival and
virulence is not unanimous as well as its role in the immune response and remains to be

clarified.

Therefore, medical application of Galf-based therapeutic or mimetics is still challenging

and relies on elucidation of the Galf biosynthesis pathways.
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However, the importance of Galf as diagnostic target showed to be very useful. The
presence of Aspergillus exoantigens of galactomannan (GM) origin, known to be secreted
by the fungus during the growth in vitro and in vivo, is specific indicator of this invasive
disease and become detection target.>® Monoclonal antibody detection methods for early
serological diagnosis of galactomannan antigens, thus invasive pulmonary aspergillosis,
have been experimentally developing since 1980s. It was only until 1995 that a double-
direct sandwich enzyme-linked immunosorbent assay (ELISA), that employs a rat anti-
GM monoclonal antibody, EB-A2, directed against the B-Galf{1—3)-3-Galf epitopes of GM
was developed. Today, two GM antigen detection kits are commercially available, the
Pastorex Aspergillus and the Platelia™ Aspergillus. The Pastorex, latex agglutination test,
has been for the most part replaced by the Platelia™ Aspergillus, EIA, which has been
available in Europe for more than 20 years and in the USA since 2003. Apparently, these
are the only commercially available tests specifically based on the detection of Galf

epitopes.51,52

In parallel, a novel experimental procedure for non-invasive detection of Aspergillus lung
infection, based on antibody-guided positron emission tomography and magnetic
resonance (immunoPET/MR) imaging, has been developed and tested. In 2016 the
prototype version, [¢4Cu]DOTA-m]JF5 tracer showed that a mouse monoclonal antibody
(m]F5) specifically binds to mannoprotein antigen, pathogen related only, and that the
antibody-labeled, radionucleotide 4Cu and DOTA chelator complex, allows PET imaging.
This highly specific [¢#Cu] DOTA-m]F5 tracer allows repeated imaging and distinguishes

aspergillosis from pulmonary inflammation and from bacterial lung infections.*?

Only a year later, the same team reported the development of a humanised version of the
JF5 antibody (hJF5). This new, [64Cu]NODAGA-hJF5 tracer showed not only improved
imaging capabilities but also high specificity towards Galf{1—3)-3-Galf epitopes, present
in a mannoprotein antigen released by Aspergillus during lung infection. This was the first
time that Galf-specific, antibody-guided in vivo imaging has been used for non-invasive

pre-clinical diagnosis of a fungal lung disease.5*

These recent experimental techniques based on Galf specific antibodies are still
developing and are greatly contributing towards more specific targeting of epitope

patterns. The related imaging and diagnostic aspects are yet to be explored.
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3.2. Aspects of enzymatic biosynthesis & metabolism

The uniqueness of Galf as a component of important surface glycoconjugates of human
pathogen has led to increased interest for the elaboration of its biosynthesis. The detailed
mechanism of its biosynthesis and metabolism have been difficult to elucidate due to the
instability of Galf itself and the fact that few of these enzymes have been isolated and
studied in purified form. From the studies available so far, it is evident that two putative
enzymes, UDP-galactopyranose mutase (UGM) and galactofuranosyltransferase (GalfT)
catalyse two synthesis steps and give a rise to a galactofuran conjugates, while the
involvement of galactofuranosidase (Galf-ase), as degrading enzyme, remains unspecified
(Figure 1-8.).55 In addition to the confirmation of canonical metabolism scheme and
absence of alternative pathways, identification of three classes of enzymes involved and
coding genes, the efforts to understand their in vivo interaction and importance for

viability or virulence, possibly in one organism, are still ongoing.

.
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Figure I-8. Schematic representation of the Galf-glycan biosynthesis and the involvement
of the three main enzymes, UDP-galactopyranose mutase (UGM),
galactofuranosyltransferase (GalfT) and galactofuranosidase (Galf-ase).

UDP-Galactopyranose Mutase (UGM)

Generally, furanoses, as nucleotide activated monomer donors, are transferred to the
acceptors, growing oligomers or polymers, by glycofuranosyltransferases. In vivo, these
furanose donors are generated from corresponding pyranoses by the activity of pyranose
mutases. The sole source of all Galf residues is uracil diphosphate (UDP)-galactofuranose
(UDP-Galf) which originates directly from UDP-galactopyranose (UDP-Galp). In addition,
UDP-Galp is biosynthesized in all species from glucose, originating from de novo synthesis
pathway, or in some organisms it may be formed from free galactose by galactose salvage
pathway. The activated UDP-Galp is interconverted, through reversible ring-contraction,

into UDP-Galf by the cytosolic enzyme UDP-Galp mutase. The equilibrium of the UGM-
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catalyzed reaction greatly favours thermodynamically more stable UDP-Galp by the 11:1

ration (Figure 1-9.).56
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(UDP-Galp) (UDP-Galf)

Figure I-9. UGM-catalyzed izomerization of UDP-Galp and UDP-Galf.

It was in 1971 first established in Salmonella typhimirium that UDP-Galp is precursor of
UDP-Galf. More than twenty years later, in 1996, the glf gene encoding for a UGM was first
identified and cloned from E. coli.57 Soon after the existence of homologue genes and
UGMs was confirmed and characterized in several other prokaryotes, bacteria Klebsiella
pneumoniae, Mycobacterium tuberculosis and Campylobacter jejuni, as well as in
protozoan eukaryotes Leishmania major and Trypanosoma cruzi, fungus Aspergillus

fumigatus and nematode Caenorhabditis elegans.

In 2001, the first crystal structure of UGM from E. coli was reported. Currently, a total of
59 crystal structures of UGM from nine organisms have been deposited in the Protein Data
Bank (PDB). Some of these structures have been crystalized in both, the active (reduced)
and the inactive (oxidized) state, as well as complexed with different substrates. The
structures gave insight into its tertiary structure and revealed that overall architecture of
active site consists of conserved amino acid residues and that generally, UGMs are
flavoenzymes working by the unique mechanism involving flavine adenine dinucleotide

(FAD) cofactor in its reduced form.58.59

Since the UGM is at the centre of Galf biosynthesis, to date mutagenesis or deletion of
genes encoding it continues to facilitate the characterization of the impact of Galfabsence

on in vivo organism integrity.
Galactofuranosyltransferase (GalfT)

After the isomerization catalyzed by UGM, the newly produced UDP-Galf is transported,
via UDP-Galf transporter, only in eukaryotes, from the cytosol into the Golgi apparatus
where the glycosylation by galactofuranosyltransferases takes place. GalfTs are the final

enzymes involved in the biosynthesis of Galf-containing molecules by catalyzed reaction
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that mechanistically corresponds to the nucleophilic substitution of an acceptor on the
electrophilic anomeric position of and activated sugar donor (Figure I-10.). Probably due
to the high costs and difficulties in obtaining the activated donor combined with the
limited access of the relevant enzymes, GalfTs were less studied than the mutases.
However, at the moment only a few GalfTs of prokaryotic, exclusively bacterial, and

eukaryotic origin have been cloned and characterized.
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(UDP-Galf) Galf-containing glycan

Figure I-10. Biosynthesis of Galf-glycan catalyzed by GalfT.

By far the most studied prokaryotic GalfTs are GalfT1 and GalfT2, two essential
transferases for the biosynthesis of Mycobacterium tuberculosis galactan. Interestingly,
they share a low sequence homology and are coded by different genes, GalfT1 is encoded
by Rv3782 and GalfT2 by Rv3808c gene respectively. Both transferases have been
expressed as recombinant enzymes and characterized. The subsequent studies elucidated
role of each transferase and demonstrated that GalfT1 is responsible for the transfer of
the two first Galf on the acceptor substrate, whereas GalfT2 pursues the polymerization

of the resulting acceptor by introducing approximately 30 remaining monosaccharides.

Since both use UDP-a-D-galactofuranose as the donor and the change from a-
stereochemistry in UDP-Galf to the (-stereochemistry of the newly synthesized glycan,
indicates that catalysis follows an inverting mechanism. They are also characterized as
bifunctional since are synthetizing both (-Galf-(1—5)-Galf and -Galf-(1—6)-Galflinkages
between Galf residues. GalfT2 has been more extensively studied than GalfT1therefore it
is the only GalfT with determined crystal structure and confirmed presence 5951 of only

one catalytic site.60.61

Few other well-characterized prokaryotic GalfTs include WbbI from Escherichia coli K-12
that is able to transfer -(1—6)-Galf to a-glucose®? and WbbO from Klebsiella pneumoniae,
another bifunctional transferase that couples 3-Galf-(1—6)-Galp.3

Until recently, LPG1 from Leishmania major was the first and only described eukaryotic

GalfT. In the extensive study from 2018, all the all four putative transferases (LPG1,
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LPG1G, LPG1L and LPG1R) encoded in the L. major genome were cloned, overexpressed
ant their kinetic parameters determined, thus demonstrating that they are able to use

both UDP-Galfand UDP-Galp as donor substrates.t*

Surprisingly another two known eukaryotic GalfTs are of fungal origin, GfsA from
Aspergillus nidulans and AfgfsA from A. fumigatus. As it was shown, both enzymes are
localized in the Golgi apparatus and use UDP-Galf as sugar donor.6>6¢ Moreover
galactofuranosyltransferase activity was demonstrated in P. fellatum through
incorporation of radiolabelled Galfinto peptidophosphogalactomannan prepared from its

membrane but no further investigations were taken.6”

II. Carbohydrate-degrading enzymes

2. Glycosidases - a general overview

Given large variety of monosaccharide structures and types of molecules, they can form
linkages with, there is equally great number of enzymes acting on these most structurally
diverse set of substrates. Collectively designated as carbohydrate-active enzymes, they
catalyze the breakdown, biosynthesis and/or modification of complex carbohydrates and
glycoconjugates. Reflecting their enzymatic activity, they are recognised as glycoside
hydrolases, glycosyltransferases, polysaccharide lyases, carbohydrate esterases and

glycoside phosphorylases.68:69

Glycoside hydrolases (glycosidases or carbohydrases, GHs) comprise a widespread group
of enzymes that selectively hydrolyse glycosidic bonds in glycans (carbohydrate-
carbohydrate moiety) and glycoconjugates (carbohydrate-noncarbohydrate moiety)
leading to the formation of a carbohydrate hemiacetal or hemiketal and the
corresponding free aglycon.’0 They can catalyze hydrolysis of O-, N- and S-linked
glycosides, among which the O-glycoside hydrolases are the most studied. The N-
glycoside hydrolases (EC 3.2.2) are mainly enzymes of nucleic acid metabolism and only
known S-glycoside hydrolase, thioglucosidase (EC 3.2.1.147) has a wide specificity for
different thioglycosides.”!

The O-glycosidic bond, is one of the most stable of the covalent linkages within naturally
occurring biopolymers used by organisms for long-term storage of energy and
information. The half-lives for spontaneous hydrolysis, in the acidic conditions, of a simple

glycoside is approximately 5 million years. Taken the stability of these polymers in
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physiological pH values, the glycosidic bonds appears to be even more stable to
spontaneous hydrolysis than the phosphodiester bonds in DNA or peptide bonds in
proteins, proofing GHs to be one the most proficient catalysts by accelerating the

hydrolytic reaction rate up to 1017 fold.”273

Since they are key enzymes of carbohydrate metabolism that are widely distributed in
Nature and are found in almost all living organisms with the exception of some Archaea
and a few unicellular parasitic eukaryotes. For most organisms, 1% of their genes encode
glycoside hydrolases, including some viruses.’# Therefore, their function or dysfunction
has been implicated in a number of different diseases such as lactose intolerance and

lysosomal storage diseases.

Due to the great variety and complexity of their natural carbohydrate substrates, many
GHs exhibit broad substrate specificity and activity, making their classification difficult.
Therefore, different nomenclature and classification approaches are currently in use that
combine specific features of amino acid sequence similarities, protein structure features,
substrate or product specificity, reaction stereochemistry mechanism or mode of

attack/action (exo and endo enzymes).”>

The simplest classification of GHs is based on their substrate specificities and is used by
the International Union of Biochemistry and Molecular Biology (IUBMB)" where GHs are
given an Enzyme Commission (EC) number code EC 3.2.1. This classification approach
does not reflect the structural characteristics of GHs and enzymes generally, which are
now apparent.’S As a result, in September 1998 Carbohydrate-Active Enzymes (CAZy)

data base was created gathering GHs in families based on amino acid sequence and
protein structures folding similarities.”®77 Currently, 165 families have been identified
and their number is continuously updated.’™ The key benefit of CAZy classification is
insight into catalytic mechanism because active-site residues are essentially conserved

within given GH family.76.78

GHs catalyse glycosidic bond hydrolysis through retaining or inverting mechanism

depending on the change in the anomeric carbon stereochemistry during the reaction.

" http://www.iubmb.org/
T http://www.cazy.org/ (accessed 22/07/2019)
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Both mechanisms involve oxacarbenium ion-like transition states and a pair of carboxylic

acids at the active site.79.80

In inverting GHs, the two active residues are a catalytic acid residue and a catalytic base
residue which are approximately 10 A apart. The reactions are carried out by a single-
displacement mechanism (SN1). The catalytic acid residue donates a proton to the
glycosyl oxygen while the catalytic base residue removes a proton from a water molecule,
increasing its nucleophilicity and facilitating attack on the anomeric centre (Figure I-11.
A). The greater distance between the catalytic residues is necessary to accommodate the
nucleophilic water molecule between the catalytic general base residue and the anomeric

carbon.81-83

In retaining GHs, the two active site residues are a general acid/base residue and a
nucleophile which are approximately 5.5 A apart and the reaction proceeds in a double-
displacement mechanism (SN2). A catalytic general acid/base residue acts in two steps.
First in glycosylation, as an acid, facilitating departure of the leaving group by donating a
proton to the glycosyl oxygen atom while the nucleophile residue forms the covalent
glycosyl-enzyme intermediate. In the second deglycosylation step, the deprotonated
acid/base residue, acts as a general base to activate a water molecule which attacks the
covalent glycosyl-enzyme intermediate with the two inversion steps resulting in

retention of anomeric centre configuration (Figure I-11. B).81-83
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Figure I-19. Schematic representation of A) inverting and B) retaining GH catalytic
mechanism.
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One of these catalytic mechanisms is conserved in most GHs families with some
mechanistic exceptions in GH-23, GH-321, GH-83 and GH-97 family and one

fundamentally different mechanism, discovered in recent years.84

The families also display similar active-site topologies, divided in three general groups,
that include pocket or crater, cleft or groove and tunnel topology.85 The shape of the
active-site cleft reflects their mode of action which classifies them into two distinctive
groups, endo-glycosidases and exo-glycosidases, whether the enzyme cleaves internal or

external glycosidic bond of a polysaccharide.”>

2.1. Glycofuranoside hydrolases

Among glycoside hydrolases, glycopyranosidases are extensively studied and only a few
glycofuranosidases have been described including (3-D-fructofuranosidase (EC 3.2.1.26),
a-L-arabinofuranosidase (EC 3.2.1.55), B-L-arabinofuranosidase (EC 3.2.1.185) and 3-p-
galactofuranosidase (EC 3.2.1.146).86 Among listed, galactofuranosidases remained
relatively unexplored and small number of studies regarding the isolation and
characterization of this enzyme are available to date. Here, the review summarizes the
data related to the research of galactofuranosidases, beginning from the first reference to

galactofuranosidase activity to the only one cloned since then.

2.2. Galactofuranosidases
2.2.1. Sources & activities - the early reports

The glycobiology of galactofuranose and enzymes involved in its metabolism are
attractive targets for the development of antimicrobial agents since 3-pD-galactofuranosyl
residues are constituents of pathogenic microorganisms, but are absent in mammal
glycoconjugates.2* There are three main enzymes involved in the biosynthesis and the
metabolism of the Galf-containing molecules, UDP-galactopyranose mutase,
galactofuranosyltransferase and galactofuranosidase. Although the metabolism of 3-p-
galactofuranosides has been extensively studied, mostly in the infectious microorganisms
such as Mycobacteria, Trypanosoma, Leishmania and Aspergillus, there are only few

reports related to these enzymes, especially Galf-ase.

Over the past forty years, Galf-ase has been identified as responsible for the degradation
of the p-Galf containing glycoconjugates.?455 In 1977 a specific extracellular exo-f3-p-

galactofuranosidase (exo-f-D-Galf-ase) was the first one isolated and partially purified
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from Penicillium fellutanum (ex type of Penicillium charlesii) culture filtrates. The enzyme
catalysed hydrolysis of B-galactofuranosides only and was incapable of cleaving o-L-
arabinofuranosides, the pentosyl homologs. The enzyme was stabile to freezing and

thawing and obtained optimum activity between pH 3 and 4 at the temperature of 47 °C.87

Later, extracellular exo--D-Galf-ases have been described and/or purified from culture
medium of filamentous fungi such as Helminthosporium sacchari,8%8° Trichoderma
harzianum?, Penicillium and Aspergillus species®l, among which the one from P.
fellutanum have been the most studied,8792-94 Aspergillus niger®> and protozoa
Trypanosoma cruzi®®. All the known 3-Galf-ases were exclusively exo enzymes and mostly

have been of fungal origin.

There are only two reported endo-B-D-Galf-ases, isolated from fungus Penicillium
oxalicum®’ and from bacteria Bacillus sp.°® The first endo-3-p-Galf-ase, purified in 1992
from supernatants of P. oxalicum autolysed cultures, hydrolysed specifically 3-p-(1-5)-
linked galactofuranose residues. This was the first endo-3-p-Galf-ase that optimum pH,

stability properties, substrate specificity and kinetic characteristics were determined.®’

Only a few specific 3-pD-Galf-ases have been reported and mostly detected in fungal species

as an extracellular enzyme, secreted into the medium in low quantities.

In the absence of gene, associated with these enzymes, being identified and expressed, its
production was challenging. In order to induce higher enzyme secretion, the synthetic
growth medium was supplemented with various monosaccharides, disaccharides or
polysaccharides??, sometimes with those containing galactofuranoside residues?>8 or the
media from natural sources, like apple juice®! was used. Production of Galf-ase in A. niger
were induced to significant levels in the presence of Galf containing glycoconjugates
(mycelial wall extracts)?® and in P. fellutanum and A. fumigatus when the medium was
depleted of glucose87.919299 or when glucose was replaced by galactose as the carbon

source.100

Mostly, Galf-ases were purified from P. fellutanum culture filtrates and have become a
model enzymes in characterization studies87.88, but were also commercially available

from crude enzyme preparations,®%101 or from T. cruzi cell lysates?¢.
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To detect low levels of Galf-ase in culture media, to isolate it and possibly purify, an array
of Galf-containing glycoconjugates, acting like potential substrates or inhibitors, has been
synthetized and assayed. Some proved to be good inhibitors, as alkyl, aryl and heteroaryl
1-thio-[3-p-galactofuranosides.100.102 An affinity chromatography system was also
developed using two inhibitors, 4-aminophenyl thio-3-p-galactofuranoside and b-

galactono-1,4-lactone, as the immobilized and eluting ligands.?3

These early studies presented pioneering work in Galf-ase research. In the most cases,
properties were determined using partially purified or even crude enzyme preparations
and one of the main problems was the lack of a simple and sensitive quantitative method
for the detection of their catalytic activity as well as standardized substrate. The activity
was usually determined by measuring released galactose during hydrolysis of
galactofuranose-containing exopolysaccharide preparations of natural origin or methyl
B-p-Galf by the galactose oxidase method. Already experimentally established use of
nitrophenyl glycosides, widely used as substrates for estimating the activity, kinetics and
specificity of glycosidases, was extended to para-nitrophenyl (3-p-galactofuranose (pNP-
B-p-Galf)10391 which became standardized and commercially available®> substrate for

assaying galactofuranosidases in general.

A colorimetric assay, with pNP-3-p-Galf as a substrate was extensively used, however, this
substrate was not recognised by endo--p-Galf-ase from Bacillus sp.?8 and exo-f3-p-Galf-
ase from T. cruzi®® and could be attributed to particular substrate specificity, relating to

aglycone.

Diversity of organisms, experimental conditions and substrates were employed during
these research studies making it very difficult to unanimously make general conclusion.
However, they showed reliable evidence that suggested some common characteristics,
shared by those reported Galf-ases, which can be outlined (Table I-1.). Substrate specify,
regarding glycon moiety from either natural or artificial substrates was exclusively
towards [3-p-Galf. The enzymes proofed to be stabile over a longer period of time, even as
crude preparations, and showed optimal activity in acidic conditions, usual for the
enzymes of invertebrates, mostly between pH 4-5, and the stability at the temperature up

to 40 °C.
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Table I-3. Comparative properties of 3-p-galactofuranosidases.

Enzyme Species Substrate pH T (°C) M (kDa) Ku (mM)*t Year Reference

extracellular Penicillium charlesii pPGM? 4 47 _ _ 1977 87
exo-f-p-Galf-ase (fungus)

B-Galf-ase Helminthosporium sacchari 1-0-methyl-B-Galf 428&5.2 38 _ _ 1983 88
(fungus)

B-p-Galf-ase H. sacchari HS toxin® 4.6 37 _ _ 1983 89
(fungus)

extracellular Penicillium spp. pNP-B-p-Galf 5 30 _ _ 1989 91

B-p-Galf-ase Aspergillus spp.
(fungi)

endo-B-Galf-ase Penicillium oxalicum B-(1—5)-galactofuran 5 37 77 _ 1992 97
(fungus)

exo-f-p-Galf-ase Trichoderma harzianum EPSe 4-45 35-40 35 _ 1992 90
(fungus)

endo-f-Galf-ase Bacillus sp. _ 6 37 67 _ 1995 98
(bacteria)

exo-B-p-Galf-ase Penicillium fellutanum pNP-B-p-Galf 3-6 37 70 0.3 1999 93
(fungus)

extracellular Aspergillus niger pNP-B-p-Galf 3-4 37 20 + 2001 95
B-Galf-ase (fungus)

exo-fB-p-Galf-ase P. fellutanum 1-0-methyl-B-Galf 4-45 40 70 2.6 2001 94
(fungus)

exo-B-p-Galf-ase Trypanosoma cruzi LPPGH 55 2003 96

(protozoa)

tKm values determined only for pNP-B-p-Galf and its derivatives as a substrate.
apPGM - peptidophosphogalactomannan from Penicillium fellutanum

bHS toxin - host-selective toxin from Helminthosporium sacchari
¢EPS - extracellular polysaccharides from Penicillium digitatum
dLPPG - lipopeptidophosphoglycan from Trypanosoma cruzi
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2.2.2. Cloning & characterization of the first galactofuranosidase

Although the first Galf-ase was described back in 1977, and several exo- and endo-Galf-
ases were purified from the culture supernatants and cell lysates of filamentous fungi,
bacteria and protozoa, the genes encoding these enzymes have not been identified and

expressed earlier, nor its amino acid sequence determined.

Recently, in 2015, based on the draft genome sequence analysis of soil, Gram-positive
bacteria Streptomyces sp., strain JHA19, an open reading frame that encoded Galf specific
enzyme was identified. Based on the sequencing results, the genome size was 7.7 Mb and
the entire Galf-ase open reading frame (ORF) fragment contained 2361 base pairs (bp),

which encoded 786 amino acids.104

The Galf-ase gene fragment was cloned, expressed and purified as recombinant Nus and
double 6xHis-tagged fusion protein. The enzyme was described as exo-type Galf-ase that
hydrolysed galactomannan, naturally occurring Galf-containing oligosaccharide,
extracted from A. fumigatus cell wall, as well as the artificial substrate pNP-§-p-Galf. No
activity was observed with other pNP furanosyl and pyranosyl glycoconjugates, pNP-a-L-
Araf including. The optimum pH was found to be 5.5 and the enzyme was stable at the
temperatures up to 40 °C with the Kv value of 4.4 mM (Table I-2.). This was the first
report of identification and cloning of gene coding for Galf-specific Galf-ase enzyme that

does not also exhibit arabinofuranosidase (Araf-ase) activity.105

Another Galf-ase gene was later also found in the genome of Streptomyces sp., strain
JHA26, coding for 869 amino acids. The Galf-ase specific enzyme was expressed, purified
and characterized with the highest activity at pH 4.5 and temperature stability up to 45
°C and with Km of 6.8 mM for pNP-§3-p-Galf as a substrate (Table I-2.).106,107

Table I-4. Comparative properties of recombinant [3-D-galactofuranosidases.

Galf-ase Substrate pH T (°C) Km (mM) Year Reference
Streptomyces sp. (JHA19) pNP-B-p-Galf 55 50 4.4 2015 105
Streptomyces sp. (JHA26) pNP-B-p-Galf 4.5 45 6.8 2017 106
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I11. Lanthanide(III) complexes & nanoparticles - near-infrared
emitting probes for biological imaging

1. Optical imaging in the near-infrared domain

Biological imaging is essential to the advancement of various disciplines of life sciences
and medicine since it can provides the detailed visualization of different biological entities
and the monitoring of a wide range of physiological and pathological processes.1%8 The
field of biological imaging is very broad and includes techniques such as positron emission
tomography (PET), single-photon emission computed tomography (SPECT), X-ray
computed tomography (XCT), magnetic resonance imaging (MRI) and optical imaging, to
name a few. The latter technique relies on the use of light for excitation and when
emission is detected the imaging is referred to luminescence or fluorescence optical
imaging that can be performed in the visible or in the near-infrared (NIR) ranges of

wavelengths.109

The near-infrared region of the electromagnetic spectrum, which by broad definition
encompass wavelength between 700 and 1700 nm, is highly advantageous for optical
imaging applications.11% Non-invasive luminescence optical imaging typically operate in
so called NIR biological diagnostic window, which is divided into the first NIR window
(NIR-I) region from 650/700 to 900 nm and the second NIR window (NIR-II) region from
1000 to 1700 nm.111-113 Recently, a novel definition of NIR imaging windows has been
introduced that suggested the division into three regions, NIR-I from 650 to 1000 nm,
NIR-II from 1000 to 1300 nm and NIR-III from 1500 to 1800 nm, respectively (Figure I-
12.).114

Fluorescence imaging

700 nm 900 nm 1000 nm 1700 nm

Traditional fluorescence imaging Deep near-infrared imaging

Figure I-20. Ranges of wavelengths usually used for fluorescence optical imaging.113

There are several advantages for the use of NIR light for fluorescence optical imaging in
comparison to the visible one. Biological materials have low autofluorescence in the NIR

window, which allows facile discrimination between the desired signal of the NIR-
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emitting reporter and the background, leading to an enhanced signal-to-noise ratio and
improved detection sensitivity. Additionally, the NIR light can penetrate deeper in the
tissue (>1 cm depth) than visible light and due to the reduced light scattering and the
lower absorption an increased optical imaging resolution can be achieved. Finally, NIR
light interacts less with biological material, thus minimizing the risk of disturbing or

damaging the biological systems that are being observed.108115,116

Numerous advantages of optical bioimaging in the NIR window have triggered the
development of the suitable probes. A wide range of NIR-emitting probes and materials
of different origins has been suggested including small organic molecules, fluorescent
proteins, carbon nanotubes and inorganic nanoparticles. In addition, since several
lanthanide(IIl) cations emit in the NIR range and provide complementary advantages
with respect to other materials, NIR-emitting lanthanide(Ill)-based molecular probes

have also been created.115116

2. Lanthanide(III) coordination compounds - brief overview

The study and development of lanthanide chemistry dates back to 18th century. In the
last few decades, lanthanide-based compounds have found numerous applications in
military, chemical industry, agriculture and biomedicine.l” In particular, special
attention has been drawn to the probes containing lanthanide(III) ions (Ln3*), especially
NIR-emitting ones such as Yb3+*, Nd3*, Sm3+, Dy3*, Ho3*, Pr3*, Tm3* and Er3*. The
lanthanides belong to the f-block of the periodic table series that consists of 15 elements,
from lanthanum (La) to lutetium (Lu), with atomic numbers ranging from 57 to 71,
respectively. They have general electronic configuration [Xe]4fn5d16s2 (n=0 (La) to 14
(Lu)) that turns into [Xe]4fn for Ln3* as the most common oxidation state. All of the
elements in the group have a close chemical resemblance and due to intraconfigurational
4f-4f transitions, all Ln3* ions except La3* and Lu3* are luminescent and are exhibiting

emission in the UV, visible and/or NIR ranges.118-120

This specific electronic configuration of Ln3* is responsible for the unique magnetic and
optical properties which are particularly important for bioanalytical and imaging
applications. More specifically, 4f-4f transitions are sharp emission bands compared to
organic fluorophores and semiconductor nanocrystals, and their emission wavelengths

are insignificantly affected by the environment (varied pH, temperature and biological
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environment), allowing them to be easily discriminated and used in a broad range of

conditions, including biological environments.115116121

However, free Ln3* have very low molar absorption coefficients (in the range 0.1-10 M-1
cm-1) due to the forbidden nature of most of the 4f-4f transitions. Therefore, they must be
indirectly sensitized through a light-harvesting antenna to circumvent this limitation. To
achieve this goal Ln3+* are usually surrounded by appropriate highly absorbing organic
chromophores which can efficiently absorb the light and transfer the resulting energy to
the accepting electronic levels of the Ln3*. For biological imaging, Ln3* are often chelated
with multidentate ligands that can form highly thermodynamically or kinetically stable
complexes and thus limit the potential toxicity induced by free Ln3*. Organic ligands
should also protect Ln3* from interactions with solvent molecules since overtones of high-

energy vibrations (0O-H, N-H) can quench Ln3* luminescence, particularly in the NIR range.

Light-harvesting antennae able to sensitize a characteristic Ln3* emission can be attached
through a linker to a chelating unit (Figure I-13. A) or already possess groups and directly
coordinate the Ln3+ (Figure I-13. A). Polyaminocarboxylates
(diethylenetriaminepentaacetic (DTPA) or ethylenediaminetetraacetic (EDTA) acids) and
macrocycles (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)), often
serve as chelating units121-124

A Energy Transfer

Antenna

Energy Transfer

Figure I-21. Schematic representation of the general architecture of the luminescent Ln3+*
complexes and the antenna effect. A) Pendant antenna. B) Chelating antenna.
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IV. Objectives of the thesis

The main objective of this thesis is the creation of galactofuranose-specific luminescent
probe for near-infrared optical imaging. In order to reach this objective, experimental

work was strategically dived into four phases (Figure I-14.):

i) To fully characterize galactofuranosidase, naturally occurring galactofuranose-
specific hydrolytic enzyme, to date the only one with gene identified and available as
cloned construct.

ii) To bioengineer neolectins from wild-type galactofuranosidase and to characterize
their thioglycoligase potential.

iii) To create a probe that will be able to exhibit NIR lanthanide luminescence and carry
functional groups to allow attachment of generated neolectins.

iv) Final phase will lead to organisation of protocol to test created galactofuranose-
specific luminescent probe for near-infrared optical imaging of appropriate target
microorganism and to deliver a proof-of-concept validation.

The thesis is presented in seven chapters. The main structure is organized around first
four chapters, with the first one giving bibliographical overview and theoretical context
of the subject thesis is focused upon. Experimental work and results are later elaborated
and discussed through chapters two, three and four. Each of this chapters starts with a
brief introduction, relevant to presented experimental work, and ends with central results
summarized in corresponding conclusion. Chapter five brings final conclusion, followed
by proposition of further short-term and long-term work perspectives. Under chapters
six and seven, detailed experimental procedures are described as well as all the additional

data not included in the precedent chapters.

Detailed thesis objectives can be perceived within work provided in chapters two, three

and four.

Chapter II, brings detailed characterization of galactofuranosidase, in order to assess its
potential to be used in several other biotechnological approaches. Detailed work,
including application of gene (sub)cloning techniques and recombinant enzyme
production and characterization will be taken. First part is to analyse original plasmid
construct, bearing Galf-ase insert gene, and to choose appropriate (sub)cloning technique

approach and recipient expression vector. Second part will include overexpression and
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purification of recombinant enzyme which hydrolytic activity will be in detail
biochemically characterized to determine substrate specificity, optimum pH and
temperature conditions, storage stability as well as kinetic parameters and potential
inhibitors. Also screening for adequate crystallization conditions to yield crystals for an

X-ray diffraction investigation will be carried out.

Chapter III, is focused on Galf-ase bioengineering to create neolectins and to explore
furanothioglycoligase potential. Mutagenesis points, targeting catalytic amino acid
residues, will be selected and created through site-directed mutagenesis. The engineered
Galf-ase mutants will be overexpressed, purified and their kinetic activity characterized.
Hydrolytically inactive variants or variants with attenuated catalytic activity will be tested
for furanothioglycoside synthesis. For this purpose, several thiophenol and 2-
mercaptothiazoline derivatives will be screened as aglycone acceptors to appropriate

glycosyl donor.

Chapter 1V, presents final framework of this thesis which brings together neolectin
potential of Galf-ase mutants, to act as specificity tools, and lanthanide luminescence for
near-infrared imaging. Within this chapter several aspects will be considered. Firstly, the
choice of near-infrared emitting lanthanide-based system that will be compatible for
enzyme bioconjugation. Second part describes bioconjugation techniques and
determinations of enzyme activity after the coupling with near-infrared emitting probe.
Finally, enzyme labelled luminescent probe will be tested, in a manner of a concept

validation, for near-infrared optical imaging.

31



Chapter III

Galf-specific
luminiscent probe

Furanose-specific neolectin

bioengineering

= e 1T

In vitro optical imaging

pathogenic
microorganisms

Luniniscant (concept validation)

nanoparticle

scaffold

S ';3, o ®
a Biochemical Q
il

o Kk
characterization

4

T/°C

Chapter IV

Chapter I1I Chapter IV

Figure I-22. A graphical abstract of the main thesis objectives.
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IV. Objectifs de la these

L'objectif principal de cette thése est la création d'une sonde luminescente spécifique
au galactofuranose pour I'imagerie optique proche infrarouge. Afin d'atteindre cet
objectif, les travaux expérimentaux ont été stratégiquement divisés en quatre phases
(Figure I-14.):
i) Caractériser completement la galactofuranosidase, enzyme hydrolytique
naturelle spécifique du galactofuranose, a ce jour la seule dont nous possédons un gene
identifié et disponible comme construction clonée.
i) Designer des néolectines issues de galactofuranosidase de type sauvage et caractériser
leur potentiel en thioglycoligase.
iii) Créer une sonde capable de montrer la luminescence des lanthanides NIR et de porter
des groupes fonctionnels pour permettre la fixation des néoélectines générées.
iv) Organiser un protocole pour tester la sonde Iluminescente spécifique au
galactofuranose créée pour l'imagerie optique dans le proche infrarouge du micro-

organisme cible approprié et pour fournir une preuve de concept.

La these est présentée en sept chapitres. La structure principale s'articule autour de
quatre premiers chapitres, le premier donnant un apercu bibliographique et le contexte
théorique de la thése. Les travaux expérimentaux et les résultats sont ensuite développés
et discutés dans les chapitres deux, trois et quatre. Chacun de ces chapitres commence par
une breve introduction, pertinente aux travaux expérimentaux présentés, et se termine
par des résultats centraux résumés dans la conclusion correspondante. Le chapitre cinq
apporte la conclusion finale, suivie d'une proposition de nouvelles perspectives de travail
a court et a long terme. Les chapitres six et sept décrivent les procédures expérimentales
détaillées ainsi que toutes les données supplémentaires qui ne figurent pas dans les

chapitres précédents.

Les objectifs détaillés de la theése peuvent étre percus dans le cadre des travaux fournis

dans les chapitres deux, trois et quatre.

Le chapitre II présente une caractérisation détaillée de la galactofuranosidase, afin
d'évaluer son potentiel a étre utilisée dans plusieurs autres approches biotechnologiques.
Des travaux détaillés, y compris I'application de techniques de (sous-)clonage de génes et

la production et la caractérisation d'enzymes recombinantes, seront effectués. La
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premiére partie consiste a analyser la construction plasmidique originale, porteuse du
gene d'insertion de Galf-ase, et a choisir l'approche (sous-)technique de clonage et le
vecteur d'expression approprié. La deuxieme partie comprendra la surexpression et la
purification de l'enzyme recombinante, dont l'activité hydrolytique sera caractérisée
biochimiquement en détail pour déterminer la spécificité du substrat, les conditions
optimales de pH et de température, la stabilité au stockage ainsi que les parametres
cinétiques et les inhibiteurs potentiels. On procédera également a un criblage pour
déterminer des conditions de cristallisation adéquates pour produire des cristaux en vue

d'une étude de diffraction des rayons X.

Le chapitre III est axé sur la bioingéniérie de la Galf-ase pour créer des néolectines et
explorer le potentiel de la furanothioglycoligase. Des points de mutageneése, ciblant les
résidus d'acides aminés catalytiques, seront sélectionnés et créés par mutagenese dirigée.
Les mutants modifiés de Galf-ase seront surexprimés, purifiés et leur activité cinétique
sera caractérisée. Des variantes inactives du point de vue hydrolytique ou des variantes a
activité catalytique atténuée seront testées pour la synthése des furanothioglycosides. A
cette fin, plusieurs dérivés du thiophénol et de la 2-mercaptothiazoline feront I'objet d'un

dépistage comme accepteurs de l'aglycone chez les donneurs de glycosyle appropriés.

Le chapitre IV, présente le cadre final de cette thése qui réunit le potentiel néoélectinique
des mutants de Galf-ase, pour agir comme outils de spécificité, et la luminescence des
lanthanides pour I'imagerie proche infrarouge. Dans ce chapitre, plusieurs aspects seront
examinés. Premierement, le choix d'un systeme a base de lanthanide émettant dans le
proche infrarouge qui sera compatible pour la bioconjugaison enzymatique. La deuxiéme
partie décrit les techniques de bioconjugaison et la détermination de I'activité
enzymatique apres le couplage avec la sonde émettrice dans le proche infrarouge. Enfin,
une sonde luminescente marquée par une enzyme sera testée, dans un but de validation

de concept, pour l'imagerie optique dans le proche infrarouge.
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Figure I-14. Un résumé graphique des principaux objectifs de la these.
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2. Galactofuranosidase - an original and specific glycoside hydrolase

I. Recombinant DNA technology in protein production
1. The basic principles of gene and plasmid manipulations

In almost every area of biochemical or biotechnological research, obtaining a sufficient
quantity of the substance of interest is a major concern.! When focusing on investigation
of proteins (enzymes), only few are abundant enough to be isolated from their native
hosts, since in vivo they are present in low quantities that complement the needs of the
cell, or are found in sources inconvenient for isolation to yield pure protein, free of

contaminants, needed for proper characterization.2

These difficulties have been largely eliminated through the development of molecular
cloning techniques, also referred to as genetic engineering or recombinant DNA
technology, which have, since the late 1970s, enormously contributed to the progress in
biochemistry and gave a rise to the biotechnology industry.! These techniques
encompasses a number of experimental protocols leading to the transfer, cloning of a
structural gene from one organism to another.? Today, these techniques are standardized
and available as commercial products, known as kits that are routinely used in almost any
molecular biology laboratory.* The production of large quantities of scarce and/or novel
proteins using recombinant DNA technology is a relatively straightforward manner that
requires three components: a gene, a recipient vector, and an expression host that will
produce the desired protein.35 The following section will briefly highlight main points of

recombinant protein production.

The initial procedure is to obtain a clone (copy) of a single specific protein coding
fragment (insert/target gene) of DNA from a donor organism. The sequence must be
identified, selected and extracted from the complete DNA of an organism (genome) by
PCR or enzymatic digestion into clonable elements. Once the specific clone that carries the
target DNA has been cleaved (cut, or digested) or amplified, it has to be joined (ligated) to
another DNA entity (a cloning vector) to form a new, recombined DNA molecule (cloning

vector- insert DNA construct or DNA construct) (Figure I1-1.).35
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Figure II-1. Schematic representation of recombinant DNA cloning procedure.

Expression of the protein of interest as soluble, active and easy to purify, requires the use
of particular vector. The plasmids, bacterial circular extrachromosomal DNA, that are
autoreplicative and relatively small, less than 10 kb, meet all the criteria to serve as

recipient DNA vectors.>

The pET systems are the plasmid synthetic vectors, designed as both cloning and
expression vectors. They were originally constructed by Studier and colleagues in the late
1980s and presents the most powerful system for the cloning and expression of
recombinant proteins in E. coli. This system permits easier cloning, expression, detection,
and purification of target proteins and has been greatly expanded and includes over 35

vector types.67

Commonly used pET-28a(+) vector contains 5 369 pb and has primary characteristics
common to most plasmids vectors as pPBR322 origin of replication, kanamycin resistance
selection marker and multiple cloning region/site (Figure II-2.). Multiple cloning region
has restriction enzyme sequences that enable usage of multiple (sub)cloning strategies. It
carries an N-terminal and an optional C-terminal sequences adjacent upstream and
downstream to the cloning site that encodes 6xHis-tag peptide fusion tags. The method of
cloning permits to determine whether or not these tags or other additional amino acids
from the vector will be fused to the protein of interest. Also multiple cloning region
contains properly positioned transcriptional and translational protein expression control
sequences which are under strong T7 promotor control as well as T7 transcription

terminator. Promotor T7 and terminator T7 term are also convenient sequencing points
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for directed double strand forward and reverse sequencing verification of the cloning

site.6

Figure II-2. Schematic representation of pET-28a(+) vector backbone.

2. Expression systems for recombinant protein production

The following phase in production of protein of interest is finding an appropriate host
organism (expression system) that allows selective overexpression of a cloned gene.
Heterologous (recombinant) proteins from cloned DNA originating from a wide variety of
organisms are usually successfully produced using both prokaryotic and eukaryotic host
organisms such are bacteria, yeasts, fungi, plants or insects and mammalian cells. Among
prokaryotic microorganism host systems that are available, Escherichia coli is used when
additional posttranslational protein processing, like protein glycosylation, characteristic
for eukaryotes is not necessary and produced proteins are used for functional and

structural studies.38

E. coli is approximately 0.5 pm in diameter and 1.0-3.0 pm in length Gram-negative, non-
spore forming, facultative anaerobe bacilli that has one circular chromosome coding
about 4000 genes. It is motile bacteria with surface carries about 10 flagella and
thousands of pili that allow the cells to attach to surfaces. The earliest description and
laboratory isolation, originally called Bacterium coli commune, was from the feces of a
child in 1885 by the Austrian pediatrician Theodor Escherich. It is a common commensal
inhabitant of the terminal small intestine and large intestine (colon) of mammals,
including humans, and normally is harmless. The pathogenic strains are either causing

disease inside the intestinal tract or at extra-intestinal sites.910

As bacteria it provides many advantages to be cultured in the laboratory and used as

model organism for research since it is easy to maintain at low cost and under well-
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defined laboratory conditions. It main advantage is the rapid growth followed by high cell
density which provides large numbers of genetically identical cells (clones) as they are
derived by binary division from a single cell. Moreover, it can be grown in liquid culture
or as solid culture on agar plates and can be stored for a short (weeks) or long period
(vears). The small size of the E. coli genome has been sequenced in entirety and provides

obvious advantages for easy genetic analysis and engineering.11-13

The extensive use of E. coli is the result of vast amount of research that has been carried
out on its genetics, molecular biology, biochemistry, and physiology. Therefore it is one of
the best understood and characterized living organisms. The laboratory model strains
such as E. coli K-12 and BL21 (DE3) and their derivatives have been well adapted to

laboratory manipulation methods over the past seventy years and are widely used.14

Suitable E. coli hosts for pET system, that is pET-28a(+) vector that has the bacteriophage
T7 promoter, to control the transcription start site and the expression of cloned
sequences genes, are DH5a and Rosetta™ (DE3) (Novagen®) strains commonly used as
host cells for cloning and for protein expression. Rosetta (DE3) strain is a BL21 (DE3)
strain derivative, that carries a chromosomal copy of the T7 RNA polymerase gene under
the control of the lac repressor as well as pRARE plasmid encoding tRNA genes for all the
rare eukaryotic codon bias. Since E. coli RNA polymerase does not recognize the T7
promoter, there is no transcription of the target gene in the absence of a T7 RNA
polymerase under repressive conditions. After induction by isopropyl-B-p-1-
thiogalactopyranoside (IPTG), a structural non-metabolizable analogue of allolactose, and
in the presence of T7 RNA polymerase, which is extremely selective for T7promoter and
which allows high expression levels of cloned genes, the production of desired gene can
reach more than 50% of the total cell protein content (Figure II-3.). This system is
extremely powerful for controlled production at optimum growth conditions to feature

satisfactory quantity of protein.6815
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Figure II-3. Schematic representation of the pET vector and E. coli Rosetta™ (DE3) host
expression system the control elements.®

II. Obtaining a desired Galf-ase plasmid construct - the applications of
gene (sub)cloning techniques
1. Plasmid construct pET-50b(+) - screening of Galf-ase gene insert bearing
plasmid

The first Galf-ase-specific enzyme and gene encoding it have been identified in
Streptomyces spp. strain JHA19 and cloned into pET-50b(+) plasmid vector. According to
literature available information, the entire Galf-ase ORF fragment contains 2 361 bp,
which encode Galf-ase protein of 786 amino acids with the predicted molecular mass of

86.6 kDa and belonging to GH2 family.16.17

In our hands, pET-50b(+) plasmid construct bearing Galf-ase gene insert, kindly provided
by Prof. K. Takegawa, was the starting point to reach given objectives of this thesis.
However this first cloned Galf-ase protein was co-expressed with a large fusion NusA-
tag!8 (N-utilization substance A) as solubility enhancer and two 6xHis-tags for affinity
purification purpose, thus leading to a fusion large protein of around 150 kDa (Figure II-

4),
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Figure 1II-4. Schematic representation of pET-50b(+) plasmid construct
cloning/expression region coding for N-terminal Nus protein and double 6xHis-tagged
Galf-ase.

These multiple fusion tags led to observation that they might hamper i) the
overexpression of the Galf-ase leading to low yield, and ii) the physico-chemical and
enzymatic properties of this original biocatalyst. In general, pET-50b(+) plasmid
construct and the character of fusioned Galf-ase enzyme was incompatible with obtaining
the biochemical and structural characteristics as closest possible to the performance of a
natural enzyme. Therefore, the confirmation of the presence of Galf-ase gene insert and
mapping it's exact position in pET-50b(+) vector was necessary in order to conduct
further molecular (sub)cloning. Targeted polymerase chain reaction (PCR) amplification
of Galf-ase gene and restriction enzyme analysis were undertaken as preparatory analysis
steps leading to preferable choice of recipient vector which was to provide appropriately

fusioned Galf-ase enzyme.

Briefly, recombinant plasmid construction has been screened by PCR using the universal
primers, T7 and T7term, targeting plasmid vector DNA flanking the Galf-ase insert gene.
The agarose-gel electrophoresis of the amplified region showed that the synthesis of the
full-length Galf-ase gene was successful, giving strong band signal at 4.3 kb, confirming
the presence of the gene insert at predicted multiple cloning site (Figure II-5. A), thus
allowing the double digestion with EcoRI and HindlIII restriction enzymes. Restriction
enzyme analysis revealed two strong band signals at 6.5 kb and 2.5 kb corresponding to
expected pET-50b(+) vector and Galf-ase gene size (Figure II-5. B) and allowed us to

obtain the Galf-ase fragment as closest as possible to its ORF fragment size of 2.3 kb.
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Figure II-5. PCR and restriction enzyme analysis of pET-50b(+) plasmid construct. A)
Agarose-gel electrophoresis of the PCR reaction indicating the amplification efficiency of
Galf-ase insert gene between T7 and T7term. B) Agarose-gel electrophoresis of pET-
50b(+) plasmid construct after EcoRI and HindIII double digestion reaction.

2. Galf-ase gene subcloning - preparing pET-28a(+) plasmid construct

To avoid the presence of large NusA-tag at the N-terminal end of Galf-ase protein, and to
gain the desired functionality, subcloning methodology was undertaken. For this purpose,
another expression vector was chosen, pET-28a(+), using a cloning strategy that will add

only one N-terminal 6xHis-tag for purification and detection (Western blot) purposes.

Plasmid construct pET-50b(+), containing Galf-ase insert gene, was double digested with
EcoRI and HindlII restriction enzymes and the resulting 2.3 kb Galf-ase gene fragment
was gel excised and purified. After ligation to EcoRI and HindlIII-cut pET-28a(+) vector,
newly obtained plasmid construct, containing ligated Galf-ase gene, (Figure II-6. A) was
introduced into competent E. coli DH5a cells. Double digestion with EcoRI and HindlIl
restriction enzymes gave two strong band signals at 5.3 kb and 2.3 kb corresponding to
expected pET-28a(+) vector and Galf-ase gene size, confirming the success of ligation

reaction (Figure II-6. B).
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Figure II-6. Schematic representation of Galf-ase gene subcloning procedure. A)
Preparation of pET-28a(+) plasmid construct, bearing Galf-ase gene insert. B) pET-28a(+)
plasmid construct confirmation on agarose-gel electrophoresis after EcoRI and HindlIl
restriction enzyme analysis.

In-frame ligation of Galf-ase gene was not possible in one step (sub)cloning reaction. To
ensure that the ligated Galf-ase gene was translated in its correct reading frame, single
deletion mutation, at the beginning of ORF, was introduced into EcoRI restriction site
sequence that precede the Galf-ase gene sequence. Obtained plasmid construct was used
for competent E. coli DH5a cells transformation. Double digestion with EcoRI and HindIII
restriction enzymes confirmed the integrity of Galf-ase gene and its correct ORF since the
EcoRl restriction site was no longer entirely preserved after deletion, only one band signal
at 7.7 kb was present corresponding to linearized size of pET-28a(+) plasmid construct

(Figure I1-7.).
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Figure II-7. Confirmation of EcoRI restriction site mutagenesis on agarose-gel
electrophoresis after pET-28a(+) plasmid construct EcoRI and HindlIII restriction enzyme
analysis.

Subcloning methodology including insert gene and vector preparation, ligation reaction
and single deletion mutation was undertaken since the traditional cloning approach

involving PCR insert gene amplification and ligation reaction revealed to be unsuccessful.

The integrity and intact of Galf-ase insert gene sequence was confirmed by DNA
sequencing, performed by Eurofins Genomics, and the verified recombinant pET-28a(+)

plasmid construct was used for Rosetta (DE3) protein expression strain transformation.

III. Production and characterization of recombinant Galf-ase
1. Overexpression and purification

After successful subcloning, Galf-ase gene was part of expression vector pET-28a(+) and
was transformed into E. coli Rosetta™ (DE3) (Novagen®) expression system. Galf-ase was
expressed as soluble recombinant protein bearing only N-terminal peptide hexahistidine
fusion tag (6xHis-tag) (Figure II-8. A). 6xHis-tag facilitated selective recombinant protein
purification from the bacterial cellular environment by immobilized metal-affinity
chromatography (IMAC) and, due to its small size, was less likely to interfere with protein
activity and structure.® The 6xHis-tagged Galf-ase was expressed and purified by IMAC
with a Ni2* immobilized on a nitrilotriacetic acid matrix (NTA-Ni2*) with a yield of 0.5
mg/litre of bacterial culture.1920 [f required, size-exclusion chromatography was applied
in order to additionally purify collected protein fraction. The purified enzyme displayed
an intense band on the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) at an apparent molecular weight (90.3 kDa), consistent with that theoretically

54



2. Galactofuranosidase - an original and specific glycoside hydrolase

predicted for the Galf-ase fusion protein (Figure II-8. B). The Galf-ase of this purity was

further used for biochemical characterization.
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Figure II-8. The design and production of N-terminal fusioned Galf-ase protein. A)
Schematic representation of N-terminal single peptide 6xHis-tagged Galf-ase fusion
protein. B) The SDS-PAGE analysis of Galf-ase after IPTG induction and NTA-
Ni2*chromatography purification.

In this plasmid vector cloning region is under T7 promotor and inducible lac operator
control and Rosetta™ (DE3) protein expression system is also carrying chromosomal
copy of the T7 RNA polymerase gene (Figure II-9.). Therefore, protein expression is
regulated and induced by IPTG. The inducible lac operator is one of the most commonly
used operators for heterologous protein expression in E. coli. and IPTG is currently the
most efficient molecular inducer used to regulate its transcriptional activity. However,
during bacterial growth prior to induction, Galf-ase expression was observed. This
phenomenon of leaky-basal expression, limited bacterial growth and was repressed by
the addition of 0.5 % of glucose to the medium.2! Induction of bacterial culture at mid-
exponential growth phase (ODsoo 0.6) at lower concentration of IPTG (0.1 mM) and
prolonged, overnight incubation at low temperature (15 °C) proved optimal to yield the
soluble protein. Despite this measures, Galf-ase was obtained in low yields (0.5 mg/L) and
overexpression was not fully accomplished since enzyme formed insoluble inclusion
bodies if induction conditions varied, hence indicating signs of protein toxicity.
Nevertheless, established induction conditions provided sufficient quantity and

satisfactory purity, to secure experiments continuation and were not altered.
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Figure 1II-9. Schematic representation of pET-28a(+) plasmid construct
cloning/expression region coding for N-terminal single peptide 6xHis-tagged Galf-ase.

2. Optimum conditions and Kinetic parameters determination

The detailed study of newly obtained Galf-ase enzyme was recently published as short
communication in the journal Carbohydrate Research, Volume 480, 1 July 2019. In this
section, selected paragraphs from the article Galactofuranosidase from JHA19
Streptomyces sp.: subcloning and biochemical characterization, covering general
properties and Kinetic characterization are here presented. The article, in its entirety, is

enclosed in Appendix 7.1.5.

2.1. Substrate specificity

A Simple one-step colorimetric assay which commonly employs synthetic para-
nitrophenol (pNP) sugars as artificial substrates was used for the assessment of Galf-ase
activity. The assay directly correlates the release of formed pNP with the hydrolytic
activity of tested enzyme and is quantified spectrophotometrically at 405 nm (Figure II-

10.).

405 nm

NO;

©

o o~ Y—No, o OH “
HOC_\/ G HO{\—\/ NO
alf-ase 2

+  HO * /©/

pH 4.5,37°C, 20 min HO

o o

Figure II-10. Schematic representation of hydrolytic reaction between Galf-ase and a
panel of pNP-linked pyranosyl and furanosyl monosaccharides.
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The hydrolytic activity and substrate specificity of Galf-ase was screened against 21
commercially available pNP-pyranosyl and -furanosyl substrates at 1 mM (Appendix
7.1.2. Figure VII-2.). The only hydrolysed substrate was pNP-3-p-Galf and the Galf-ase
exhibited no hydrolytic activity towards any other of the 20 tested pNP-sugars (Figure II-
11. A). It is also noteworthy that, in these experimental conditions, no activity was
observed with the pNP-a-L-Araf, stereochemical analogue of pNP-B-p-Galf differing only
by absence of the extra C-6 hydroxymethyl group (Figure II-11. B), nor the pNP-3-p-Ribf.

This result is in total agreement with the previous observation by the team of Takegawa.1”

activity/%

PNP-B-p-GlcNAc
pNP-B-p-GalNAc
PpNP-B-p-Xyl
PNP-a-D-GIlcNAc
PNP-u-L-Araf
pNP-B-p-Ribf
pNP-B-p-Galf

PpNP-B-p-Glc
pNP-B-p-Gal
pNP-B-p-Man
PpNP-a-p-Glc
PpNP-a-p-Gal
pNP-a-D-Man
PpNP-a-L-Fuc
PpNP-a-p-Xyl
PpNP-B-L-Ara
PpNP-B-1-Fuc
pNP-a-L-Rha
PpNP-a-L-Ara
pNP-B-p-Fuc
pNP-B-p-GIlcA

Figure II-11. Substrate specificity screening of Galf-ase. A) Substrate specificity of Galf-
ase tested towards 21 pNP-linked monosaccharide substrates. B) Structural formulas of
pNP-B-p-Galf (1) and the pNP-a-L-Araf (2).

2.2. Temperature and pH properties

The biochemical properties of purified Galf-ase were investigated with pNP-f-p-Galf as a
substrate in different buffer systems covering the pH intervals between pH 2 and 9.5 and
temperature intervals between 10 and 80 °C. The optimum pH was comprised in a narrow
range between 3.5 and 5, significantly decreasing above pH 5. The peak of maximum
activity is present at pH 4.5 (Figure II-12. A). This reflects the presence of the two
catalytic glutamic acid residues, ubiquitous in most GHs, which are facing each other from
opposite sides of the active site with their side residues strategically positioned about 5 A
from each other. One residue is serving as an acid/base catalyst and the other as a
nucleophile. The protonation states of this key residues implies that, in the optimum
reactant state, the one serving as general acid/base must be protonated and neutral, and

the nucleophile must be deprotonated and negatively charged. Therefore they are
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sensitive to variation in pH and exhibiting characteristic bell-shaped curve cantered at the

optimum pH.22

Once the optimum pH conditions were established, the influence of different
temperatures on activity was also measured. For 20 min reactions, the optimal
temperature was at 60 °C with a clear peak of activity (Figure II-12. B). Temperatures
above the optimum value resulted in dramatic loss of activity. However, due to practical
constraints, all the following activity assays were assessed at the physiological
temperature of 37 °C. Still, this current Galf-ase biocatalyst exhibits different and
improved physico-chemical properties toward the previously reported one, with a
maximum pH shift from 5.5 to 4.5 and a maximum temperature from 40 °C to 60 °C, thus

demonstrating the drawback of large fusion tags.
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Figure II-12. Determination of optimum activity conditions for Galf-ase. A) Influence of
pH on Galf-ase hydrolytic activity towards pNP-3-p-Galf. B) Influence of temperature on
Galf-ase hydrolytic activity towards pNP-f3-p-Galf.

2.3. Freeze-thaw stability

Galf-ase stability towards multiple freeze and thaw cycles was assayed over a different
storage conditions, without and in the presence of glycerol (10% and 20%), and
throughout 16 days. Percent of activity was normalized to an initial activity measured for
each storage condition sample. Galf-ase exhibited stability across all storage conditions
tested and maintained minimally 70% activity after three cycles (Figure II-13.). After
four cycles, Galf-ase demonstrated low activity (40%) over all storage conditions and
exhibited higher sensitivity to inactivation due to multiple freezing. No cryoprotectant
was included in this assay to test the stability of crude Galf-ase sample which showed to
be resistant to inactivation to multiple freeze-thaw cycles and retaining 80% activity after

three cycles.

58



2. Galactofuranosidase - an original and specific glycoside hydrolase

100

g E H % 5 0% glycerol
2 80 EIFIE ﬁEE R E Zh E3 10% glycerol
2 gl=l= A B E glels = E2 20% glycerol
2 e bllHE EHE EHE EHHE
- B = = = b 2lal=
E EIERE EE R [
= ] B 1 b B #Zl=lE = B
o= 40 E M H = B ZllS ] 5
' =lal= = =1 B & = zlals
% H] o 5=
o HEE EFE BEHE  HHEE
= = = = =
{EHEE EHEHE EHEE  EHE
\° 20 == ) = = cox ll o =
S ] =1 5 ] b= 5 1 B 1 B H
e BEHE B EE  EHEE
EE  EBIHE  BEE  BEE

No(freeze-thaw cycle)

Figure II-13. Effect of freeze and thaw cycles and storage conditions on Galf-ase residual
hydrolytic activity towards pNP-3-p-Galf.

The addition of glycerol did not significantly improve or conserve enzyme stability when
compared to one observed in the absence of a cryoprotectant. Glycerol is a common
cryoprotectant which protects proteins from inactivation during freezing and thawing by
inhibiting the formation of ice crystals upon freezing.23 Also, it is worth mentioning that
the purified enzyme remains fairly active over a minimum of three weeks when stored at
4°C without presence of any additives such are cryoprotectants, protease inhibitors,
reducing agents, metal chelators or antimicrobial agents. All together these experiments
demonstrate the good stability of the Galf-ase under storage condition, which will be

highly convenient in order to use it during chemo-enzymatic synthesis.
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2.4. Kinetic analysis

To determine catalytic parameters, Galf-ase activity was further investigated with pNP-[3-
D-Galf as a substrate at optimum pH and at appropriate temperature. The Galf-ase
exhibited typical Michaelis-Menten kinetics, with Km value of 250 uM and with kcat value
of 3.5 s'1giving a kcat/Km of 14 mM-1s-! (Figure II-14. & Table II-1.).

1.5x10°

T 1.0x10° t

Vo/Mmin

5.0x10°°

0 2000 4000 6000
pNP-B-p-Galf (uM)

Figure II-14. Michaelis-Menten plot of pNP-3-D-Galf hydrolysis reaction catalysed by Galf-
ase. Mean values and SD error bars were calculated from three independent experiments
and from a single protein preparation.

Investigation of kinetic parameters was also extended to pNP-a-L-Araf, despite displaying
no hydrolysis when screened for substrate specificity. This was to further investigate
specificity of Galf-ase since the previous studies with AbfD3 a-L-arabinofuranosidase from
Thermobacillus xylanylticus showed that, despite being a poor substrate for AbfD3-
catalysed hydrolysis, pNP-B3-pD-Galf was recognised as a substrate in transglycosylation
reactions catalysed by this enzyme.2425 The pNP-a-L-Araf did not appear to show
saturation kinetics with concentrations as high as 15 mM (Figure 1I-15.). The assay did
not yield interpretable kinetic parameters since the hydrolysis rate was too low to give

accurate values.
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Figure II-15. Michaelis-Menten plot of pNP-a-L-Araf hydrolysis reaction catalysed by
Galf-ase. Mean values and SD error bars were calculated from three independent
experiments and from a single protein preparation.

These observations emphasized that Galf-ase has a really poor Araf-ase activity as it badly
recognised the a-L-arabinofuranose moiety, thus demonstrating the crucial role of the C-
6 hydroxymethyl group in the specific recognition by the Galf-ase. In addition, when
compared to the recombinant a-L-Araf hydrolases AbfD3 and Araf51 owing dual
specificity for a-L-Araf and (-D-Galf, the specificity of Galf-ase is incredibly increased
toward the hexofuranosyl moiety by a factor of about 100-fold (Table II-1.). When
compared to the only two reported cloned Galf-ases, from Streptomyces sp. strains JHA19
and JHAZ26, the values are not in the same order of magnitude. For Galf-ase JHA19 and
JHA26, Km value ranges from 4.4 to 6.8 mM respectively,17.26 yielding at least a 18-fold
lower substrate affinity compared to Galf-ase’s Km which is in the pM level. Finally, the
Galf-ase parameters described herein are the best reported to date and fully compatible
with the development of the specific and efficient biocatalyzed incorporation of Galf

entities into more complex glycoconjugates.

Table II-1. Comparison of Michaelis-Menten kinetics constants for hydrolysis of 3-p-Galf
(1) and a-L-Araf (2) by different Araf-ases and Galf-ases.

Enzyme Kmfor1 (mM) keat (s1) keat/Km (smM-1) Kw for 2 (mM) keat (s1) keat/Ku (s *mM-1)
AbfD3 >50 15 0.13 3.5 425 122
Araf51 53 12 0.23 0.25 103 412

JHA 19 & 26 448&6.8 only Vm - - - -
Galf-ase 0.25 35 14 nda? nd nd

and not determined
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3. Inhibition studies

The inhibitory properties of several compounds, i.e. alkyl, thioheteroaryl and thioimidoyl
-p-galactofuranosides 3-6, were investigated by incubating the enzyme, Galf-ase, in the
presence of both the substrate pNP-f3-p-Galf and compounds 3-6 (Figure II-16.). These
compounds were tested as inhibitors because (i) the glycone part, that is 3-p-Galf, is
recognized by the active site, (ii) the aglycone part is mimicking a carbohydrate moiety
and (iii) to probe the stability of the thioglycosidic bond.2” It has been reported previously
that alkyl, aryl and heteroaryl 1-thio-f-p-galactofuranoside derivatives are good
inhibitors of exo 3-D-galactofuranosidase, isolated from P. fellutanum culture media, and

D-galactono-1,4-lactone has been evaluated as a reference inhibitor with an ICso value of

0.02 mM.28
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Figure I1-16. Effects of concentration of inhibitors 3-6 on the hydrolytic activity of Galf-
ase towards pNP-B-p-Galf. Mean values and SD error bars were calculated from three
independent experiments and from a single protein preparation.

In our hands, compounds 3, 5 and 6 showed weak inhibitory activity with ICso values of
6, 5 and 3 mM respectively, while Galf-ase was more sensitive to the inhibition by
thiogalactofuranoside 4 (Table II-2.). This latter showed the best inhibition activity, with
ICso value of 0.8 mM. The analysis of the Lineweaver-Burk plot (Figure II-17.) indicated
that the compound 4 is a competitive inhibitor of the Galf-ase with Ki value of 0.4 mM.
Nevertheless, compared to the only reference L-arabino-1,4-lactone inhibitor previously
probed on Galf-ase,1” 4 exhibited a 100 times increased in inhibition, that can be mostly

attributed to its structural analogy to the artificial substrate.

62



2. Galactofuranosidase - an original and specific glycoside hydrolase

1,8

1/Vmax (min.pM1)

0,005 0,01 0,015
1/[pNP--p-Galf]

®control  ®[12]=100pM @ [12]=200uM @ [12]=400pM @ [12]=800pM @ [12]=1000pM @ [12]=2000pM

-0,005 0

Figure II-17. Lineweaver-Burk plot of competitive inhibition of Galf-ase hydrolytic
activity towards pNP-3-p-Galf by 4. Mean values and SD error bars were calculated from
two independent experiments and from a single protein preparation.

Table II-2. Comparison of the inhibitory effects of different galactofuranosides (3-6)
towards Galf-ase and their respective ICso and Kj values.
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4. Crystallization trials

B-D-Galactofuranosidase has been only recently cloned and no structural study is
available yet. To conduct a preliminary crystallization trials, enzyme was successfully
expressed as the soluble 6xHis-tagged and was purified by coupling two consecutive
chromatographic techniques, an initial affinity column chromatography and size-
exclusion chromatography, subsequently used to achieve a purity of greater than 95% as
determined by SDS-PAGE. Freshly concentrated protein (10 mg/uL) was used for initial
crystallization screening by applying the on plate sitting-drop vapour-diffusion method
with the BScreen Classic HTS I+II (Jena Bioscience GbmH, Jena, Germany) commercially

available screening kits covering 192 different crystallization conditions.

Crystals of native Galf-ase, in ligand-free form, have grown after one day and reached their
final size after three weeks in several conditions. In particular, tetragonal crystals (Figure
II-14. A) obtained in the presence of potassium sodium tartarate revealed promising as
diffraction-quality crystals of Galf-ase while other crystals immediately appear to be salt
precipitants (Figure II-14. B). Diffraction properties of selected Galf-ase crystals were
analysed by the X-ray beam and unfortunately diffraction data revealed crystals to be of

salt origin and no data set was collected.

The commercial kit allowed to screen initial conditions in order to find hit points of
crystallization conditions that may be later optimized. Protein crystallization is affected
by many parameters and in this crystallization trials the quantity of obtained Galf-ase
enzyme most certainly limited the successful protein crystallization as the recommended
minimum concentration of 10 mg/mL was barely reached after the lysis of 30 L of induced

bacterial culture.

Figure II-14. Photographs of the crystals obtained during Galf-ase crystallization trials.
A) Crystals submitted to X-ray crystallography proved to be of salt origin. B) One of the
examples of the salt crystals obtained during Galf-ase crystallography trials.
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IV. Conclusion

In this chapter, we provided a complete biochemical and kinetic characterization of a
subcloned recombinant Galf-ase since the recent publication of the first ever cloned one.
The work comprised of preparation of appropriate plasmid construct pET-28a(+) and
production of single 6xHis-tag fusioned enzyme in prokaryotic E. coli Rosetta expression
system. The purified soluble enzyme was subsequently thoroughly characterized and was

submitted to crystallization trials.

This enzyme was obtained with a reasonable yield of 0.5 mg/liter of culture, and optimally
active at pH 4.5 and at 60°C. It exhibited substrate specificity exclusively towards pNP-[3-
D-Galf, giving the best Kum value of 250 uM, and is inhibited by substrate’s structural thio
analogue (ICso = 0.8 mM), which proved to be a moderate competitive inhibitor (Ki= 1
mM). Although, as mentioned before, this yield was reasonable for characterization
studies, it presents limiting factor for crystallization screening assays. Observed
insufficient overexpression and consequently low yields, present difficulty for finding
promising crystallization conditions especially when it comes to yield protein crystals

suitable for X-ray diffraction.

Since to date, only a few furanosidases have been involved in the chemoenzymatic
approaches, it was of great interest to explore and evaluate the potential synthetic ability
of this enzyme to act as an efficient thioligase after site-directed mutagenesis. Therefore,
its biocatalyst potential for diverse furanothioglycoside synthesis was screened and

results are presented in following Chapter III.

65



2. Galactofuranosidase - une glycoside hydrolase originale et spécifique

Résumé

Dans ce chapitre, nous avons fourni une caractérisation biochimique et une cinétique
complete d'une Galf-ase recombinante sous-clonée. Le travail comprenait la préparation
d'une construction plasmidique appropriée pET-28a(+) et la production d'une enzyme
fusionnée 6xHis-tag unique dans le systéme d'expression procaryote de E. coli Rosetta.
L'enzyme soluble purifiée a ensuite été soigneusement caractérisée et soumise a des

essais de cristallisation.

Cette enzyme a été obtenue avec un rendement raisonnable de 0,5 mg/litre de culture et
une activité optimale a pH 4,5 et a 60°C. Elle a montré une spécificité de substrat
exclusivement vers pNP-f-p-Galf, donnant la meilleure valeur Kv de 250 pM. Elle est
inhibée par I'analogue thio structurel du substrat (ICso = 0,8 mM), qui s'est avéré étre un
inhibiteur compétitif modéré (Ki = 1 mM). Bien que, comme nous l'avons mentionné
précédemment, ce rendement était raisonnable pour les études de caractérisation, il
constitue un facteur limitant pour les essais de criblage par cristallisation. La
surexpression insuffisante observée et par conséquence les faibles rendements obtenus,
sont des difficultés pour trouver des conditions de cristallisation prometteuses.
Notamment lorsqu'il s'agit de cristaux de protéines a rendement élevé convenant a la

diffraction des rayons X.

Jusqu'a présent, seules quelques furanosidases ont été impliquées dans les approches
chimioenzymatiques. Il était donc tres intéressant d'explorer et d'évaluer la capacité
synthétique potentielle de cette enzyme a agir comme une thioligase efficace aprés une
mutagenese dirigée par le site. Par conséquent, son potentiel biocatalyseur pour la
synthese de divers furanothioglycosides a été examiné et les résultats sont présentés au

Chapitre III suivant.
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3. Tailoring galactofuranosidase activity - potential platform for new applications

I. Glycosidase engineering
1. Thioglycosides - versatile tools in glycobiology

Thiosugars are a class of sulfur-containing carbohydrates with either having a sulfur as
heteroatom, replacing the endocyclic oxygen, or as a replacement of anomeric (glycosidic)
oxygen or any of the other hydroxyl groups’ oxygen. Structurally, they are oxygen
analogues but demonstrate specific biological activities and physiochemical properties
that are directly attributed by the replacement of the oxygen atom by sulfur. The
differences of those two atoms, sharing the same group in periodic table of the elements,
are evident when sulfur is incorporated into the sugar ring. It is larger, more polarizable
than oxygen and therefore the carbon-sulfur bond is longer (C-S ~1,8 A; c-0 ~1,4A), less
polar (electronegative) than the bond between carbon and oxygen, giving smaller

endocyclic C-S-C angle than the corresponding oxygen-containing analogue.!

Only few naturally occurring carbohydrate components containing sulfur have been
isolated from plants, marine organisms or terrestrial sources although sulphur is an
essential element found ubiquitously in all living systems. There are only two classes of

natural thiosugars, thioanhydrosugars and thioglycosides.?

Thioanhydrosugars occur scarcely in nature and generally all share sulfur-containing
heterocycle structure, sometimes also as thioanhydro-bridge. The related molecules
include the first naturally occurring free thiosugar, 5-thio-D-mannose, isolated in 1987
from the marine sponge Clathria pyramida, as well as salacinol and kotalanol, isolated
from Salacia reticulata, plant used in Indian Ayurvedic traditional medicine for the
treatment of diabetes, thiolactomycin, which has antiparasitic and antibacterial activity
and tagetitoxin, bacterial phytotoxin produced by the plant phatogenic bacteria

Pseudomonas syringae pv. tagetis that is potentially useful herbicide (Figure III-1.).23
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Figure III-1. Structures of some naturally occurring thiosugars sharing sulfur-containing
heterocycle structure.
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Thioglycosides are glycoconjugates in which a sulfur atom has replaced the glycosidic
oxygen atom and are the most abundant family of naturally occurring thiosugars. Through
sulfur atom they make thioglycosidic linkage with vast array of compounds such as
thiodisaccharides and thioglycoproteins. The most of thioglycosides belong to the family
of glucosinolates, a well-defined group of secondary plant metabolites with a
characteristic structure and biochemistry. There is more than 130 characterized
glucosinolates that largely originate from Brassicaceae family and just four species of
plants, Barbarea vulgaris, Arabidopsis thaliana, Eruca sativa and Isatis tinctoria. In plants,
as secondary metabolites, they serve as the defence molecules against herbivores, insects
or microbial attacks. Upon tissue disruption, glucosinolates are rapidly hydrolysed by
myrosinase ([3-thioglycosidase) to isothiocyanates, nitriles and thiocyanates, which are
repellents or sometimes toxic to predators but contribute to the highly distinctive flavour
and odor of these plants which are used as flavour components in aliment.* Some of the
representatives are sinigrin, found in the seeds of black mustard and the other
thioglycosides include afrostyraxthioside A from Afrostyrax lepidophyllus, raphanuside
from the seeds of Raphanus sativus and lincomicyn A and its derivatives which are used

as thioglycoside-based antibiotics (Figure III-2.).3
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_-0OH
A Me

A0 N
r
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Figure III-2. Structures of some naturally occurring thioglycosides.

Generally, thioglycosides have unique physicochemical properties that combine their
water solubility, as glycomolecules and structural analogues of widespread O-glycosides,
and therefore their bioavailability, tolerated by most biological systems because S-
glycosidic linkage is more resistant towards enzymatic cleavage or any other targeted
acid/base degradation. The relevance of thioglycosides is evident in synthetic and
medicinal chemistry where they become useful tools: i) in organic synthesis as routinely

applied glycosyl donors for various glycosylation reactions, ii) as glycosidase inhibitors,
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iii) metabolically stable substrates for X-ray crystallographic structural and mechanistic
studies or purification probes for glycosidases or iv) as a scaffolds for carbohydrate

based-therapeutics and vaccines.2>

Since the synthesis of 5-thio-D-xylopyranose, the first sulfur-containing sugar analogue in
1961, numerous synthetic routes for thioglycosides and their derivatives have been
developed and advanced, mostly involving Sn2-type reactions between halide glycosyl
donors and activated thiol acceptors.l® In addition, alternative and ecologically
acceptable strategy has been introduced using S-glycosyltransferases (5-GTs), the only
enzymes that naturally catalyse the formation of the thioglycosidic linkages. These
enzymes have been successfully purified from plant extracts and genes encoding
identified. Among studied, A. thaliana S-GT, UGT74B1 is one of the only examples of
natural S-transferases that has been extensively studied and characterized as versatile

biocatalyst for in vitro synthesis of thioglycosides.”8

A wide variety of methods has been explored and developed for the preparation of
thioglycopyranosides exclusively and are thoroughly documented. However, literature
reports on the synthesis of their thioglycofuranoside counterparts are scarce regarding

either organic synthesis methods or chemoenzymatic approaches.

The works that include thioglycofuranoside synthesis, Araf and Galf as furanoses in
particular, has been mainly developed by the laboratory teams of Rosa M. de Lederkremer
& Carla Marino (Argentina), Todd L. Lowary (Canada) and Vincent Ferrieres (France) who
have long interest in glycobiology related to these furanoses. They developed
acknowledged synthetic routes for preparation of substrates and inhibitors, specifically
for Galf-ase, including alkyl, thioheteroaryl and thiomidoyl -p-galactofuranosides or

furanothiodisaccharides.%-11

Since existence of natural S-furanoglycosyltransferase has not been evidenced so far,
recently a novel methodology for the synthesis of S-furanoglycosidic linkages that
explores furanothioglycoligases, retaining GHs that lack the catalytic acid/base residue,

has been presented.1?
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2. Thioglycoligases

An alternative to classical organic chemistry synthesis methods of specific
glycoconjugates is the use of enzymes. In glycochemistry, glycosidic bond formation can
be accomplished using two groups of enzymes, GTs that naturally perform synthesis of
glycosidic bonds, and GHs. In carbohydrate synthesis by GHs, currently, there are two
different approaches. One employs the use of preferential transglycosylases, GHs that in
addition to hydrolysis, also possess the ability to catalyse the formation of glycosides
either by exploiting their capacity to perform reverse hydrolysis in high substrate
concentrations (thermodynamic control approach) or by employing activated substrates
(kinetic control approach) and other is implementing enzyme engineering to create

mutated GHs in order to enhance their synthesis activity.1314

Based on mechanistic grounds, two key active site amino acid residues, the catalytic
nucleophile and the catalytic acid/base, have been specifically replaced thus two classes
of engineered glycosidases have been developed. Generally, they can be divided on the
glycosynthases that are able to catalyse O-glycosidic bond formation (catalytic
nucleophile residue mutants) and thioglycoligases (catalytic acid/base or/and

nucleophile residue mutants) that are able to catalyse S-glycosidic linkage formation.1516

This engineering strategy was first introduced in 1998 and since than it has generated
many glycosynthases that contributed to the high-yield enzymatic synthesis of O-
glycoconjugates. The potential of this strategy was further extended to chemoenzymatic
synthesis of S-glycosidic linkages.17-19 According to the double displacement mechanism
in retaining GHs, use of a donor sugar with an activated leaving group and accompanied
by a highly nucleophilic acceptor compensates the missing acid/base catalyst and results
in thioglycosidic linkage formation (Figure III-3.). For this purpose, first thioglycoligases
were generated using alanine acid/base mutants of two retaining f-glycosidases, (-
glucosidase Abg from Agrobacterium sp. and the [-mannosidase Man2A from
Cellulomonas fimi. Use of dinitrophenyl glycosides with thiol acceptors yielded around

70% of corresponding thioglycosides.1520
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Figure III-3. Proposed general mechanism for retaining thioglycoligase.

Later, several other thioglycoligases have been generated in the same manner from
diverse retaining a- and 3-glycosidases and the choice of optimal acid/base substitution
residue as well as use of activated glycoside donors and thiol acceptor was further
explored.17 In addition first thioglycosynthases, double-mutant of 3-glucosidase Abg from
Agrobacterium sp., which lacks both the catalytic nucleophile and the catalytic acid/base
residue, efficiently catalysed thiodisaccharide formation from glycosyl fluoride donor and

thiosugar acceptors.?1

Thioglycoligases and thioglycosynthases represent the only reliable enzymatic pathway
to yield thioglycosides, notably thioglycopyranosides, using glycosyl hydrolases. In
general, this approach demonstrated to be valuable for the specific thiooligosaccharides
and thioglycoconjugates synthesis. Hence it was extended to date solely example of
furanothioglycoligase = obtained from a-L-arabinofuranosidase Araf51 from

ClosrtridiumClostridium thermocellum.

The thioglycoligases potency of the Araf51 E173A mutant was demonstrated through
moderate to high yields (50-98%) preparation of several thioaryl glycosides and one
arabinofuranosylcluster, by using 1-thioimidoyl arabinofuranoside as an efficient glycosyl
donor.2223

Although, the gene of the first -p-galactofuranosidase has been identified, isolated and
expressed in 2015, but the use of it as galactofuranothioligase has not been described yet
for the synthesis of S-galactofuranosides. Interestingly CtAraf51, an a-L-
arabinofuranosidase from Ruminiclostridium thermocellum, was artificially converted
into galactofuranosidase and finally into thioglycoligase, after several mutagenesis steps,
thus allowing to improve catalytic efficiency of this enzyme towards pNP-Galf for the

synthesis of various S-galactofuranoconjugates.24
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I1. Design and production of Galf-ase E464X mutants

1. Selection and creation of mutagenesis points

Locating and identification of catalytic residues at 3-pD-Galf-ase active site was essential to
proceed towards generation of novel thioglycoligase mutants. To date, no Galf-ase crystals
with ligands or substrates is available nor resolved crystal structure reported, thus
hindering identification of the catalytic residues. Therefore, prediction of catalytic
residues was done in silico by Galf-ase amino acid sequence analysis and alighment with

suitable homologous sequences of other characterized enzymes.2>

Since the deduced Galf-ase amino acid sequence analysis, as previously reported?¢,
revealed that it belongs to the GH2 family and its substrate specificity was exclusively
towards galactofuranose?’, the closest homologous enzymes to Galf-ase were searched
among (3-galactosidases from GH2 family with determined crystal structure. The selected
homologous amino acid sequences from Bacillus circulans, Bacteroides fragilis and
Bacteroides vulgatus, sharing between 24% and 26% identities, were analysed along with
the Galf-ase amino acid sequence from Streptomyces sp. The sequence alignment revealed
highly conserved glutamic acid residues in all of the aligned sequences. Two positive
matches at position 464, enabled to identify glutamic acid residue (E464) as catalytic
acid/base, and at position 573, to identify the second glutamic acid residue (E573) as
catalytic nucleophile (Figure I1I-4.; Appendix 7.1.1. Figure VII-1.).

Bacillus_circulans_4PYJ 1 I.G-l -AEAIEM IJNIPA IlﬁsﬁN. .TTNAAGII GI r H 431
Bacteroides_fragilis_3CMG - QAS NGKQ QHMNHPS NGB - NP NA 415
Bacteroides_wulgatus_3GM8 IAA. GNNE %ﬁm HN PS I%. Qﬂlm 413
Streptomyces_spp._Galf-ase - - - - - AAA RT( QHRSSPS 'GQ-Q ------ A 479

Consensus KKXXDYGAXF REWWEXDXXE X|DXHRNHPS | |IMWS|GNEX XGXTD---VE XXXNLVXLVK
100%

Conservation
o L =al T[T

Bacillus_circulans_4PYJ N SIN ————— NNID GNH QNP GS S»AT.SIG Q NQST 516
Bacteroides_fragilis_3CMG NMAWN STP. AT :jl GIlIS - AGAS QPS 494
Bacteroides_wulgatus_3GM8 N NGNGE T CAIAT I QTRG Q 495
Streptomyces_spp._Galf-ase G PGGG SNEDQPD A NN MPRGHESAS 595

Consensus XFNWXDXXGF NXSXX--L-- XLDHXHKXXP XLXXX!SEVX X- XXXSXXVY TXQTQXXQXX

Conservahon
0%

Figure III-4. Alignment of partial ORF Galf-ase (Streptomyces spp.) amino acid sequence
and corresponding regions of its homologs. The conserved E464 and E573 amino acid
residues are indicated with asterisks.

Identified glutamic acid residues were expected to be the catalytic ones. As an extension

to this to identification, their actual functional role in the catalytic site had to be examined
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experimentally, by the appropriate site-specific mutations. Therefore, using site-directed
mutagenesis method, the acid/base catalytic residue (E464) has been specifically
substituted to alanine (E464A), serine (E464S), cysteine (E464C) and glutamine (E464Q)
in four separate mutagenesis reactions. In order to minimally interfere in the Galf-ase
gene nucleotide sequence, the preservation of the glutamic acid GAG codon is done by
taking the advantage of the plasticity of the genetic code where one amino acid can be
encoded by multiple codons. Single point substitution of a minimum number of bases was

introduced, which lead to a change in desired amino acids (Table III-1.).

Table III-1. Codon changes and respective amino acid changes introduced at 464 position
at wild-type Galf-ase amino acid sequence by site-directed mutagenesis.

Mutant variant  Codon change  Amino acid change

E464A GAG—GCG  Glu (E) - Ala(A)
E464S GAG— AGC  Glu(E) - Ser (S)
E464 GAG—TGC  Glu(E) - Cys (C)
E464Q GAG— CAG  Glu (E)—Gln(Q)

The acid/base carboxylic acid residue has been replaced by the amino acids that have the
residues of specific interest, briefly have no negative charge and subsequently the
hydrolytic mechanism rate should be affected in favour of thioglycoligase activity while
the nucleophilic residue remain intact, and in addition to explore their potential role to

function as neolectins.

Plasmid construct pET-28a(+), containing wild type Galf-ase gene inset, served as a
template to generate desired E464X Galf-ase mutants. The four newly obtained
constructs, encoding Galf-ase E464X mutants, were checked for integrity by double
digestion with Xball and HindlIII restriction enzymes which gave two strong band signals
at 5.3 kb and 2.3 kb corresponding to expected pET-28a(+) vector and Galf-ase gene size
(Figure III-5.). The all four mutagenized plasmid constructs were sequenced to ensure
that the appropriate mutations were introduced and that the rest of the Galf-ase gene

sequence remained intact.
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pET-28a(+)
E464A E464S E464C E464Q
DNA - =
bp marker Xball /HindIII
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E464X

Figure III-5. Confirmation of pET-28a(+) plasmid construct integrity, after E464X mutant
variants generation, on agarose-gel electrophoresis by EcoRI and HindlIII restriction
enzyme analysis.

2. Overexpression and purification of Galf-ase E464X mutants

After successful site-directed mutagenesis, plasmid constructs were transformed into E.
coli Rosetta™ (DE3) (Novagen®) expression system and E464X mutants were expressed
under similar conditions previously described for the wild-type Galf-ase. Three mutant
Galf-ase variants, E464S, E464C and E464Q respectively, were expressed as soluble
recombinant proteins bearing only N-terminal peptide 6xHis-tag, necessary for selective
protein purification using NTA-Ni?* affinity chromatography. The E464A was the solely
mutant variant which was not obtained in the soluble form indicating that the mutation
probably affected the folding and stability and caused the protein to form insoluble
aggregates. The corresponding recombinant mutants were provided in modest yields
typically ranging from 0.13 mg to 0.3 mg of protein per culture litre for E464S, E464C and
E464Q respectively. The purity of all enzymes was determined by SDS-PAGE gel, showing
a band with apparent molecular weight of 90.3 kDa, and was satisfactory enough to
further use them for biochemical characterization (Figure III-6.).

kpa  PrOIN £464C E464Q E464S
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Figure III-6. SDS-PAGE analysis of E464X Galf-ase mutant variants after NTA-Ni%*
chromatography purification.
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3. Galf-ase E464X mutants Kinetic parameters determination -
Identification of the acid/base catalyst
To assign catalytic acid/base function to selected individual glutamic acid residue at 464
position, the three mutant enzymes were assayed for kinetic parameters in Michaelis-
Menten assay. As a result of single mutation in catalytic acid/base residue of retaining
GHs, it is expected to exhibit reduced but detectable hydrolytic activity of attributed
substrate. This reflected the choice of amino acids which were used as mutants. Guided
by previous literature available examples for the thioglycoligases, where alanine and
glutamine were found to be the best options, we also extended choice to serine and

cysteine.

This enzyme engineering was implemented to simultaneously attenuate hydrolysis and
to preserve general architecture of the active site, mainly referring to specificity for
hydrolysis substrate (pNP-3-D-Galf) and that the vacant cavity created by mutation of the
acid/base does not considerably increase and disrupt the formation of hydrogen bond
between the two catalytic residues. Therefore, introduced amino acids, E464S, E464C and
E464Q, have polar that is polarizable groups, for cysteine respectively, that can
participate in hydrogen bond formation, with exception of E464A, which has nonpolar
side chain, but are not strong enough Brgnsted acids/bases to efficiently serve as
activators during deglycosylation step compared to glutamic acid. Thus E464Q is the
amide analogue to substituted glutamic acid that does not vary in the aliphatic chain
length, whereas serine and cysteine have shorter side chain length and the latter has

sulfur as larger analogue of oxygen (Figure III-7.).
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Figure III-7. Structural formulas of amino acids selected for the generation of E464X Galf-
ase mutant variants.

The capacity of the Galf-ase mutant variants E464S, E464C and E464Q, successfully
obtained as soluble and purified fractions, to hydrolyse natural substrate pNP-§-p-Galf

and to characterize their kinetics and the hydrolysis rate-limiting steps, the Michaelis-
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Menten assay was performed under the similar conditions used for wild type enzyme. All
the mutants gave typical Michaelis-Menten saturation curves (Figure III-8.) and
exhibited slightly decreased Km value than the one determined for wild-type, apart from
E464S which stands out by 7 fold decrease in the Kv value (Table III-2.). Altogether
obtained values are in the same order of magnitude. Indeed, the replacement of glutamic
acid residue to serine, cysteine and glutamine has resulted in a 2 000 orders of magnitude
decrease in the hydrolytic activity compared to the wild-type enzyme, confirming that this

residue is essential for catalysis.
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Figure III-8. Michaelis-Menten plot of pNP-§3-D-Galf hydrolysis reaction catalysed by Galf-
ase E464S, E464C and E464Q mutant variants. Mean values and SD error bars were
calculated from three independent experiments (*except E464C) and from a single
protein preparation.

The deglycosylation step in hydrolysis is the rate-limiting and therefore more sensitive to
acid/base replacement. Since the general-acid residue has been removed, deglycosylation
remains very slow because there is no basic residue to activate the nucleophilic water
molecule. This consequently reflected on the significant decrease in catalytic efficiency by
a factor of 3 000-1 400 times for E464S and E464C mutants respectively, and 56 times
lower for E464Q mutant. This kinetic observations are in accordance with the other data
obtained in similar assays used for the identification of the catalytic residues in retaining

and several inverting GHs or to probe their thioglycoligase catalysis.28-30

78



3. Tailoring galactofuranosidase activity - potential platform for new applications

Table III-2. Comparison of Michaelis-Menten kinetics constants for hydrolysis of 3-p-Galf
by E464X Galf-ases mutant variants.

Enzyme Km (mM) Keat (min-1) Keat/ Ky (mintmM-1)
E464 0.25 213 852

E464S 0.036 >0.01 0.27

E464 0.17 0.1 0.58

E464Q 0.166 25 15

As expected this mutations served a double purpose, to confirm proposed residue E464
as the catalytic one and to alter hydrolytic activity. In this site-directed mutagenesis
approach, a glycosidase, Galf-ase, has been modified into neolectin as hydrolytic activity
was attenuated and recognition of synthetic substrate has been conserved. The obtained
three E464X mutant variants are therefore promising candidates to be tested as
carbohydrate-binding proteins for Galf-specific imaging, presented in Chapter IV. Also,
this engineering approach simultaneously allowed to explore both, neolectin and

thioglycoligase potential of generated mutants.

I11. Application of Galf-ase E464X mutants in thioglycosides synthesis
1. Selection of appropriate Galf-ase E464X mutant

Generally, all the mutants showed similar diminution changes in hydrolytic activity,
however the E464(Q featured only a minor change in the Km value, 166 uM compared to
250 uM, from the wild type, and preserved relatively good catalytic efficiency. The
advantage of this mutant was, although low yet sufficient quantity of 0.3 mg/L and taken
together with the more likely theoretic possibility that the amide could provide better
assistance to the deglycosylation step, possibly via hydrogen bonding with the incoming
thiol acceptor, therefore this mutant variant was selected to perform preliminary

thioglycoside synthesis studies.

In addition, the pH profile of the glutamine residue was examined (Figure III-9.). As
expected, the pH dependence of the mutant enzyme is a typical bell-shaped curve,
however it has more extended basic shift which is reflecting the gradual reduction of
activity at high pH values. This suggests that the protonated group, the acid/base catalyst,
has been removed and the optimal pH has moderately been changed from the pH 4,5 of

the wild-type enzyme and is slightly higher for about 0.5 pH unit for E464Q mutant.
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Figure III-9. Influence of pH on E464Q Galf-ase mutant variant hydrolytic activity
towards pNP-3-p-Galf.

2. Galf-ase E464Q mutant catalysed synthesis of thiogalactofuranosides

Having characterized the Galf-ase E464X mutant variants, insight into synthetic utility of
chosen E464Q mutant was undertaken. E464Q biocatalyzed-thioligation reactions were
carried out in the presence of donor sugar and various commercially available thiol
acceptors, 13 in total, which are arranged into three groups, for ease of comparison, based
on structural similarities of the thiol carrying moiety as follows: I) thioaryl, II) 2-
mercaptothiazoline and III) coumarin (Figure III-10.). The selected acceptors had two
important characteristics for thioglycoligase approach, their aromatic moiety is known to
be a good mimic of sugar entities and they could be easily visualized by standard
analytical methods. To ensure synthetic activity, the reactions were first performed at the
analytical scale for screening setup, and then if proved useful, selected and scaled up for

preparative scale.

...................................................................
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.

Group I: Thioaryl

SH SH SH
Group II:
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P SH cl SH
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-
........................................

Figure III-10. Structural formulas of thiol acceptors used for E464Q Galf-ase catalyzed
furanothioglycoligase reactions.
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The donor sugar, already an actual substrate for the enzyme, which is conveniently
activated at anomeric position with pNP group, relatively good leaving group that in
synergy with an array of aglycone thiol acceptors, strong nucleophiles, can undergo useful
transfer to form thioglycoconjugate in the absence of base catalytic assistance (Figure III-
11.). This strategy was previously shown to be successfully applicable to Araf51
arabinofuranosidase, closest substrate analogue to galactofuranose enzyme and the first
furanosidase efficiently converted into thioglycoligase.

acid/base o)

mutant

E464Q “

JEN PN

o)

H->N (e}
S—R )\
OHo Co HO , ( S-R

(0] (0]
OH ) OH
HO"- \ HO o o) HOm
OH - OH \f

0.0 OH 0.0
HO \‘f HO o HO \f

E573
nucleophile

Figure III-11. Proposed furanothioglycoligation mechanism catalyzed by E464Q Galf-ase
mutant variant.

To screen E464Q mutant ability to catalyze transglycosylation, individual analytical-scale
reactions were performed starting from pNP-f3-p-Galf donor and each of thio acceptors.
Firstly, a reaction with thioaryl acceptor was set up as a model for all biocatalyzed
coupling. Reaction was left to proceed in buffered (pH 4.5) aqueous solution at the
physiological temperature (37 °C), overnight (16 h) to assure complete or highest
possible consumption of the donor sugar. Owning the aromatic character of both, released
pNP aglycone from the donor sugar, and the acceptor, substrate consumption progress
could be determined, as well as the formation of the thioglycoligase product. Upon
completion, the formation of the thioglycoligase product was analyzed by high
performance thin layer chromatography (HPLC), and the novel compound could be

detected by UV-absorbance spectrum compared with free uncoupled thiol acceptor.

In the present model reaction with thioaryl acceptor, based upon the HPLC
chromatogram, identification of reactants peaks was done by comparison of retention
times (tr) and UV absorbance spectra to individual control compounds (Figure I1I-12. A).

This allowed identification of formed thioglycoside product, which after chromatographic
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purification was isolated and determined tr of 9.19 min was aligned to one observed in

the initial reaction (Figure III-12. B).
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Figure III-12. HPLC chromatograms of representative thioglycosylation reactions by
E464Q. A) Chromatogram of crude thioglycosylation reaction with thioaryl acceptor. B)
Chromatogram of purified product fraction from thioglycosylation reaction.

Generally the majority of screened acceptors were able to act as substrates and led to
formation of corresponding thioglycoconjugate compounds. The enzyme was able to
tolerate variety of thiol acceptors as well as series of different substituents within each
group. The only exception for thioaryl group was the 3-aminothiophenol, which did not
show reactivity when tested on analytical scale while 4-mercaptobenzoic acid product
formation was detected on analytical scale but was not yielded in sufficient quantity to be
characterized. As of 2-mercaptothiazole and its benzoxazole and benzimidazole
derivatives, the formation of the desired thioglycosides lacked in all three cases, leaving
benzothiazole as only active representative substituent of this group. Surprisingly,

enzyme was able to catalyse transfer of coumarin aglycone, which by far presents the
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largest of all screened thiol aglycones with its two aromatic units, and yield corresponding

thioglycoconjugate (Figure I11-13.).

: Group II: .
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Figure III-13. Structural formulas of synthetized furanothioglycosides.

Reactions with selected acceptors were upscaled and resulting products were
qualitatively isolated after one pass by reverse-phase chromatography in appropriate
solvent mixture. The high-resolution electrospray ionization mass spectrometry (HRMS-
ESI) analysis indicated that the new compounds have the molecular weight of expected

thiogalactofuranosides (Figure I1I-14., Appendix 7.1.3. Figure VII-3. - Figure VII-10.).
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Figure III-14. The measured HRMS-ESI spectrum of thioarylgalactofuranosyl ion in
negative mode. The analysed sample is the fraction purified on C18 chromatography resin
(eluent solvent mixture: A:B=6:4; A=0.1% formic acid (v/v) in water, B=0.1% formic acid
(v/v) in acetonitrile) and corresponds to the peak (tr=9.19 min) detected on HPLC
(Figure I1I-12. B).
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The isolated products were not of satisfactory purity nor quantity to be unambiguously
confirmed by nuclear magnetic resonance (NMR) spectroscopy. It should be noted that
compounds were not obtained in quantitative yields and therefore it is not possible to
hypothesise about correlation of different parameters, such as pKa and nucleophilicity of
the thiols or variation of substituent position and electronic properties, which could

influence the yields.

To address this issue, it should be noted that in this context it was screen work which
allowed us to monitor thiogalactofuranoside product formation and accordingly to
attribute thioglycoligase activity to E464Q. Taking into account obtained results, in this
preliminary study, this is indeed confirmation that the E464Q mutant is a promising novel
furanothioglycoligase and it appears that within the active site it can optimally

accommodate the variety of thiol acceptors.

IV. Conclusion

To further expand Galf-ase hydrolytic activity towards novel catalytic activities, the
furanothioglycoligase approach was used as a test system. Firstly, the amino acid
residues, important for catalysis, were predicted by homology sequence analysis of
relevant enzymes, constructed for Galf-ase from Bacillus circulans, Bacteroides fragilis and
Bacteroides vulgatus, respectively. This analysis revealed two conserved glutamic acid
residues at position E464 and E573, proposed as the catalytic acid/base and as catalytic

nucleophile.

The identification of catalytic acid-base residues in glycosidases is based mainly on the
replacement of the putative carboxylic acid with a non-ionizable amino acid, and
characterizing the mutant enzymes. Therefore, an array of four mutant variants, E464X
containing alanine, serine, cysteine and glutamine residues were constructed by site-
directed mutagenesis and introduced into the same pET-28a(+) vector and E. coli

expression system, as described in previous chapter.

Three mutants E464S, E464C and E464Q, were obtained as soluble 6xHis-tagged
enzymes. The Michaelis-Menten kinetic characterization of mutants distinguished E464
as an actual catalytic residue from other residues. As expected, the kcat values measured
for these mutants, in particular for E464S and E464C, were considerably reduced, and

were 2 000-fold lower than the wild-type’s. This gave focus on one particular mutant,
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E464Q which in terms of its activity and quantity was selected as best candidate for
thioglycoligation reaction screening and due to amide chain could provide some

assistance to thioglycoligase catalysis.

The initial screening for thioglycoligase activity with E464Q was performed on the panel
of 13 thiol acceptors, differing at their aryl, mercapto and coumarin moiety. The yielded
eight corresponding furanothioglycoside products which were characterized by HPLC

and HRMS-ESI.

This, to our knowledge is the first use of natural galactofuranosidase as thioglycoligase,
and the second furanosidase that successfully catalyzed furanothioglycoside synthesis.
The E464Q mutant variant proved to be active furanothioglycoligase biocatalyst, capable
to transfer variety of aromatic thio acceptors to activated sugar donor. Altogether, it
showed that [3-p-galactofuranosidase from Streptomyces sp. can be used as enzyme

platform for general concept glycosidase engineering.
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Résumé

Pour étendre d’avantage l'activité hydrolytique de la Galf-ase vers de nouvelles activités
catalytiques, 1'approche furanothioglycoligase a été utilisée. L'identification des résidus
acides-bases catalytiques dans les glycosidases repose principalement sur le
remplacement de l'acide carboxylique supposé par un autre acide aminé, et sur la
caractérisation des enzymes mutantes. Par conséquent, un tableau de quatre variantes
mutantes, E464X contenant des résidus d'alanine, de sérine, de cystéine et de glutamine,
a été construit par mutagenese dirigée et introduit dans le méme vecteur pET-28a(+) et

le méme systeme d'expression de E. coli, comme décrit au chapitre précédent.

Trois mutants E464S, E464C et E464Q, ont été obtenus sous forme d'enzymes solubles
marquées 6xHis-tag. La caractérisation cinétique des mutants de Michaelis-Menten a
permis de distinguer le E464 en tant que résidu catalytique réel. L'accent a ainsi été mis
sur un mutant particulier, le E464Q, qui, en termes d'activité et de quantité, a été
sélectionné comme le meilleur candidat pour le criblage par réaction de thioglycoligation
et qui, en raison de sa chalne amide, pourrait apporter une aide a la catalyse

thioglycoligase.

Le screening initial de I'activité de la thioglycoligase avec E464Q a été effectué sur le panel
de 13 accepteurs de thiols, différents par leur groupement aryle, mercapto et coumarine.
Les huit produits de furanothioglycosides correspondants, caractérisés par HPLC et

HRMS-ESI, ont été obtenus.

Il s'agit, a notre connaissance, de la premiere utilisation de la galactofuranosidase
naturelle comme thioglycoligase. Le variant mutant E464Q s'est avéré étre un
biocatalyseur furanothioglycoligase actif, capable de transférer une variété de
thioaccepteurs aromatiques au donneur de sucre activé. Dans I'ensemble, il a montré que
B-p-galactofuranosidase de Streptomyces sp. peut étre utilisée comme plateforme

enzymatique pour l'ingénierie de la glycosidase de concept général.
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I. Engineering neolectins from glycosidases
1. Application in biotechnology, diagnostic and imaging

The broad potential of glycoside hydrolase engineering has been used either to improve
or alter their catalytic activity thus enabling access to diverse carbohydrates and their
derivatives, often new to natural ones. Among the engineered carbohydrates, the
representative groups used for biocatalyzed synthesis are glycosynthases,
thioglycoligases and thioglycosynthases.! Apart from their synthetic usage, another
potential based on their specific enzyme-substrate interactions can be explored. In a wide
sense, glycoside hydrolases can be considered as specific carbohydrate-binding proteins
and their enzyme-substrate interactions are comparable to lectin-carbohydrate or
antigen-antibody interactions in terms of specificity.? Therefore, if hydrolytic activity of
these carbohydrate-processing enzymes is inactivated without changing their
carbohydrate binding and recognition properties, they could be converted into lectins.?
Lectins are carbohydrate-binding proteins of non-immune origin that recognize and non-

covalently bind simple or complex carbohydrates without enzymatically altering them.34

Historically, pioneering work of inactivation of hydrolytic activity began in the late 1960s
on a hen egg-white lysozyme as a model enzyme. It should be mentioned, however, at that
time these inactivation studies were not meant or considered to be done in the context of
lectin generation but rather to elucidate the hydrolytic mechanism.> Nevertheless, the
observation that these derivatives are enzymatically inactive but still retain their binding
capability to carbohydrate substrate was significant. Therefore, in 1994 the selective
inactivation of one of the catalytic residues of the lysozyme was the first report of
intentional conversion of glycoside hydrolase to lectin-like protein. This kind of
engineered glycoside hydrolase was denoted ‘neolectin’ as relation to carbohydrate-

binding characteristics to natural lectins.®

The recombinant DNA technology and gene engineering enabled neolectin generation
from a diverse repertoire of glycoside hydrolases through site-directed or random
mutagenesis.* To the best of our knowledge exclusively pyranose-specific glycoside
hydrolases were used as templates to create neolectins. Currently, the catalytically
inactive glycoside hydrolases were mainly developed as microbial diagnostic and imaging

probes. The notable example includes endoglycosidase, chitinase of which was
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extensively used as template enzyme in several neolectin studies. Binding affinities for
the catalytic acid/base (E172Q) inactive chitinase, Chit42 from Trichoderma harzianum,
were altered when additional mutations at substrate binding-site domain were
introduced thus broadening binding specificity to non-chitinous oligosaccharides.”
Bacterial chitinase from Vibrio parahamolyticus was catalytically inactivated and used as
fungal or bacterial detection systems.2 Catalytically inactive endosialidase, which could
bind but not degrade polysialic acid, was used as both fused with the green fluorescent
protein (GFP)® and as bacteriophage-bound neolectin for detection of bacterial and

eukaryotic polysialic acid.2

The thioglycoligase engineering of furanosidases, a-L-arabinofuranosidase Araf51 from
Clostridium thermocellum, in particular, was successfully accomplished and expanded
existing repertoire of engineered glycoside hydrolases to another group of carbohydrate
structure forms. Nevertheless, presently, none of the existing characterized
furanosidases was submitted to engineering with the purpose of creating corresponding
neolectins. However, there was only one report that described galactose-binding lectin.
In 2015 a human lectin named human intelectin (hIntL) was identified and its cDNA
cloned. This natural lectin was purified from human placenta and was characterized as a
secretory glycoprotein consisting of 295 amino acids with basic structural unit being a
120 kDa homotrimer.19 This new type of lectin has (i) an affinity to galactofuranosyl
residues, (ii) can interact with multiple glycan epitopes exclusively related to microbes,
such is arabinogalactan, and (iii) has a well resolved crystal structure.l! Today, hintL also
known as intelectin-1 (ITNL1) or omentin, is commercially available through different
kits as recombinant protein and is used for research purposes in ELISA-based assays with

corresponding anti-INTL1 antibodies of different origin.
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I1. Construction of luminescent nanoparticle scaffold for neolectin
bioconjugation & imaging applications
1. Construction and characterization of luminescent nanoparticle scaffold

To create galactofuranose-specific lanthanide-based luminescent probe for near-infrared
(NIR) optical imaging, several aspects have to be considered. First, a NIR-emitting,
photostable and biocompatible (soluble or able to form stable suspension in water)
lanthanide-based system that would allow its functionalization and attachment of Galf-
ase has to be chosen and created. Second, in vitro imaging object has to be selected and
the corresponding microscopy experiment designed. Mainly first aspect is addressed in

this chapter. The experiments concerning second aspect are currently in progress.

Among different classes of NIR-emitting Ln3* complexes, our attention was turned to
metallacrowns (MCs). Indeed, recently, it has been demonstrated that Ln3+*/Zn2* MCs with
encapsulated sandwich structure (Figure IV-1. A) can well protect and efficiently
sensitize characteristic emission of Yb3+, Nd3* and Er3+ in the NIR range with top values of
quantum yields.12 Derivatives of Ln3*/Zn2+* MCs assembled using pyrazinehydroxamic
acid (pyzHA) are water soluble and can be used as NIR-emitting probes for the selective

labelling of necrotic HeLa cells3 or for the simultaneous cell fixation and labelling4.

Yb Nd Er

850 1100 1350 1600
A, nm

Figure IV-1. A) X-ray crystal structure of DyZnis(quinHA)16 along the (left) a-axis and
(right) c-axis. B) Emission spectra of LnZnie(quinHA)16 (Ln = Yb, Nd, Er, quinHA =
quinaldichydroxamic acid).12

Despite numerous advantages reported for Ln3*/Zn2* MCs with pyzHA and quinHA
hydroxamic acids, these complexes have absorption bands ending at 450 nm (Figure IV-
2.). To shift absorption more towards the visible range Ln3*/Zn%* MCs have been
assembled using quinoxalinehydroxamic acid (quinoHA). The resulting MCs possess the

same as previously reported LnZnis(HA)1e (HA = pyzHA, quinHA)!213 encapsulated

93



4. Galf-specific & lanthanide (III) complex loaded nanoparticles for NIR imaging - concept validation

sandwich structure (Figure IV-4. A) while absorption bands are extended to 500 nm

(Figure IV-2.).

— YbZn(quinoHA),;

/103 M cm™

250 300 350 400 450 500 550 A/ nm

Figure IV-2. Absorption spectra of YbZn16(HA)16 MCs (HA = pyzHA, quinHA, quinoHA) in
methanol or water solutions at room temperature.

Synthetic strategies were developed to introduce functional groups (alkyl or maleimide)
onto MC scaffold.’> However, to avoid long synthetic procedures and potentially improve
detection sensitivity by combining a large number of Ln3* complexes within one entity,
we decided to encapsulate hydrophobic YbZnis(quinoHA)16 MCs inside 100 nm
polystyrene (PS) nanoparticles (NPs). Such NPs are biocompatible, form stable
suspension in water, can encapsulate hydrophobic molecules via easy swelling
procedures and, finally, possess functional groups (PS/COOH) on the surface for further

coupling with Galf-ase.

Therefore, the necessary modifications can be achieved in three main steps (Figure IV-
3.): (I) encapsulation of Ln3* MCs (YbZnie(quinoHA)16@PS/COOH) followed by (II) a
subsequent surface-functionalization (YbZnie(quinoHA)16@PS/NTA-M"+), which
allowed final modification step, (III) conjugation of an enzyme onto the surface of NPs

(YbZnis(quinoHA)16@PS/NTA-M"+-6xHis_Galf-ase).

1.
I surface n.

Encapsulation / functionalization VWA~ bioconjugation
\ / \ 4 ;
G R G
PS/COOH YbZn,¢(quinoHA),;@PS/COOH YbZn,¢(quinoHA),;@PS/NTA-M™ YbZn,¢(quinoHA),@PS/NTA-M™-6xHis_Galf-ase

Figure IV-3. Schematic representation of the three main steps in which internal and
external functionalization of NPs can be achieved.
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1.1. Encapsulation procedure

For the proof-of-a-concept creation and investigation of galactofuranose-specific
luminescent probe for near-infrared optical imaging, the structurally and photophysically
well defined Yb!l/Zn! metallacrown (MC) sandwich complex121¢ was preferred choice as
luminescent agent. Due to literature reported data they show NIR luminescence and high
quantum yield values for this type of Yb3* containing MC compounds and were previously
explored as stains for in vitro whole-cell visualisation by NIR optical microscopy.*
Moreover, in these structures, a single Yb3* cation is sandwiched between two [12-
MCzn(in),quinia-4] MCs and is further encapsulated by an additional [24-M Czn(in),quinta-8] MC,
leading to an overall stoichiometry of YbZnie(quinHA)1s, in which the MC framework is
formed by the self-assembled organization of Zn2* ions and a tetradentate chromophoric
ligand based on quinaldichydroxamic acid (quinHA) (Figure IV-4. A).12 The hydrophobic
character of this YbZn1s(quinHA)16 complex makes it suitable for the encapsulation inside,
as well hydrophobic, cavities of polystyrene NPs and therefore minimises the leaking of
the complex into aqueous solution and undesired interactions with biomolecules in the

case of in vivo application.

e
. aﬁi‘—:@:m
- ;?/‘) \:\

YbZn,,(quinoHA),,

YbZn,¢(quinoHA),¢
@

PS YbZn,¢(quinoHA),.@PS

Figure IV-4. Schematic representation of the encapsulation step . A) Top-down view of
the crystal structure of YbZnis(quinoHA)16 MC obtained by X-ray diffractometry on a
single crystal, done at the Department of Chemistry of the University of Michigan by Tu N.
Nguyen and Jeff W. Kampf (colour code: green, Yb; yellow, Zn; red, O; blue, N; grey, C;
hydrogen atoms and solvents have been omitted for clarity). B) Encapsulation of
YbZnie(quinoHA)16 complex inside PS/COOH NPs followed by subsequent colour change
to orange.
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A facile and rapid one-step swelling procedure for the encapsulation of
YbZnis(quinoHA)16 inside PS/COOH NPs was used (Figure IV-4. B). The procedure
includes a strong agitation of an aqueous suspension of the NPs with a solution of
YbZn1s(quinoHA)16 in DMF, followed by centrifugation and washing steps. This strategy
was adapted from the previously reported experimental procedures developed for the
encapsulation of hydrophobic organic dyes and/or Ln3* inside polymer particles.17-20
After encapsulation of YbZnis(quinoHA)16, the apparent change of colour of NPs to yellow
could be observed reflecting the success of this step (Figure IV-4. B). The resulted
YbZni6(quinoHA)16@PS/COOH NPs were stable in water, maintained colloidal properties
and no apparent aggregation or sedimentation was observed even after storage for

several months at 4°C.

1.2.Surface functionalization

The encapsulation step provided an elegant modification of the interior of NPs while
leaving surface COOH groups free for further functionalization. In order to immobilize
Galf-ase that possess 6xHis-tag the surface, NPs had to be functionalized with
nitrilotriacetic acid (NTA), that is a known chelating agent for Ni2+, Zn2*, Cu?*, Co?+, Ca%*
and Fe3*. A two-step procedure of EDC/sulfo-NHS activation of the carboxylated NPs
surface was followed by the reaction with (S)-N-(5-amino-1-carboxypentyl)iminodiacetic
acid (AIDA) to give PS/NTA NPs (Figure IV-5.). The latter were further treated with Ni2*
or Zn%* chlorides to give PS/NTA-Ni2* or PS/NTA-Zn?*, respectively. The entire surface
modification procedure was first established and optimized for PS/COOH NPs and then
applied for YbZn1e(quinoHA)16@PS/COOH.

o |

o
HG)S J.L
N N.
I \/\/j: "OH

0" oH

¥ amine-reactive
" sulfo-NHS ester

crosslinker i 0O-acylisourea
b

unstable
intermediate
Figure IV-5. Schematic representation of the synthetic route used for the preparation of
PS/NTANPs: activation of NPs carboxylic groups with EDC/sulfo-NHS to create the amide

bond with AIDA.

fey  stable
" conjugate

The specific PS/NTA-Ni2+ surface functionalization was primarily chosen based on

immobilized metal affinity chromatography (IMAC) technique used for polyhistidine-
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tagged enzyme purification which takes advantage of the strong binding interaction
between histidine moieties of the enzyme and Ni2*. Therefore, NTA-Ni2+ surface
functionalization was exploited as already efficiently proven system for 6xHis-tag Galf-

ase immobilization on identical purification system column.

However, it is known that transition metal ions like Cu2*, Co?* and Ni2* can quench Ln3+
luminescence.?! Therefore, NPs have been also treated with Zn?* chloride to form
(YbZn1e(quinoHA)16@)PS/NTA-Zn2+. The obtained (YbZnis(quinoHA)16@)PS/NTA-Zn?2+
NPs were not stabile in water and did not maintain colloidal properties. Therefore,

(YbZnie(quinoHA)16@)PS/NTA-Zn2+* NPs were not suitable for Galf-ase bioconjugation.

NTA is a tetradentate chelating ligand that binds Ni2* ions by four coordination groups
and forms NTA-Ni?* complex with characteristic blue-green colour. An incubation of
PS/NTA NPs suspension with the solution of Ni2* nitrate resulted in the formation of
PS/NTA-Ni2+ NPs, pellets of which appeared blue-green in colour indicating the successful
chelation (Figure IV-6. A). In order to demonstrate that such colour change of NPs was
induced by the surface coordination of Ni2*, PS/NTA-Ni2* were treated with
ethylenediaminetetraacetic acid (EDTA), a strong hexadentate chelating agent. This step
caused pellet to turn back to white due to the formation of more stable EDTA-Ni2+ chelate
(Figure 1V-6. B). This experiment proved the presence of NTA-Ni?* moieties?2 on the
surface of NPs which were to facilitate bioconjugation of Galf-ase in the next experimental

step.

PS/NTA-Ni%* PS/NTA

Figure IV-6. Photographs of the pellets of PS/NTA-Ni2* NPs (A) before and (B) after
incubation with EDTA. The change of colour indicates the release of Ni2* from the surface.

In the case of YbZn16(quinoHA)16@PS/NTA, the observation of such colour changes upon

complexation with Ni2* was impossible because of the initial yellow colour of the NPs.
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Therefore, the presence of Ni2* in the supernatant after the treatment of
YbZni6(quinoHA)16@PS/NTA-Ni2+* with EDTA was confirmed by ICP measurements
(Chapter VI, Experimental part 6.5.5.).

1.3. Photophysical properties of YbZnis(quinoHA)16 and corresponding NPs

Photophysical properties (excitation and emission spectra, Yb3+-centered quantum yields
under ligands excitation (Q};) and luminescence lifetimes (7obs)) of aqueous suspension
of YbZnis(quinoHA)16@PS/COOH/NTA/NTA-M2* NPs after each functionalization step
were acquired and compared with those measured for the initial solution of
YbZnis(quinoHA)16 in DMF. This work allowed to monitor the effects of the encapsulation
of YbZnis(quinoHA)16 inside the PS/COOH NPs, as well as surface functionalization, i.e.
the presence of NTA functional groups alone or chelated with Ni2* and Zn?* ions. First,
excitation spectra were acquired upon monitoring the main transition of Yb3+ at 980 nm
(Figure IV-7. left). They exhibit broad ligands-centered bands that extend to 530-570 nm
and correlate with the absorption spectra of YbZnis(quinoHA)16 (Figure IV-2.). Upon
excitation at 420 or 510 nm of solution of YbZnis(quinoHA)16 in DMF and aqueous
suspensions of NPs exhibit characteristic emission of Yb3+ in the range 950-1100 nm with
maxima at 980 nm due to 2Fs/2—2F7,2 transition (Figure IV-7. right).
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Figure IV-7. Corrected and normalized (left) excitation (Aem = 980 nm) and (right)
emission spectra of YbZnis(quinoHA)16 in DMF solution (50 pM, Aex = 420 nm) or for
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aqueous suspensions of YbZnis(quinoHA)16@PS NPs (6 mg/mL, Aex = 510 nm), room
temperature.

Quantitative photophysical parameters, including tobs and Q% were also acquired and are

summarized in Table IV-1.

Table IV-1. Luminescence lifetimes (7o»s) and absolute quantum yields (Qf,) of
YbZnis(quinoHA)16 in DMF solution (50 pM) or for aqueous suspensions of
YbZn1ie(quinoHA)16@PS NPs (6 mg/mL).c

Conditions T, (us)b QL (%)°
YbZn, in DMF 49.2(4) 0.57(1)
YbZn  @PS/COOH 24.6(2): 94(2)% & 9(1) : 6(2)% 0.13(1)
YbZn  @PS/NTA 25.3(1) 0.15(1)
Ybanﬁ@PS/t»JTA-Ni2+ 9.9(1) : 77(1)% & 3.3(2) : 23(1)% 0.041(1)
YbZn, @PS/NTAZn"" 25.2(1) 0.14(1)

aData atroom temperature. Standard deviation (2 o) values between parentheses; estimated relative errors:
Tobs, £2%; Q}éb , 10 %. b Under excitation at 355 nm; contributions of each individual lifetime value are
provided after the colon. ¢ Under excitation at 420 nm for DMF solution and 500 nm for NPs suspensions.

An aqueous suspension of YbZnis(quinoHA)16@PS/COOH exhibit 2-time shorter
luminescence lifetimes and 4.4-times smaller value of Q¥, compared to the solution of this
MC in DMF. Such behaviour can be explained by the presence of high-energy O-H
vibrations overtones of which are known to quench Ln3+* luminescence particularly in the
NIR range.?1 So, even so that PS NPs are hydrophobic, they are not providing a complete
protection against O-H vibrations. It should be noted also that luminescence decay for
YbZni6(quinoHA)16@PS/COOH could be best fitted by a bi-exponential function,
indicating a more significant impact of O-H vibrations on Yb3+* for YbZnis(quinoHA)1s
molecules located closer to the surface of the NP, than for these in the interior. This
impact, however, becomes negligible upon further functionalization of the NPs surface
and single-exponential decays were recorded for YbZnie(quinoHA)16@PS/NTA. This
functionalization step didn’t affect Q¥, that remained the same within experimental error.
Further, complexation of NTA groups on the surface with Zn2?* does not change
quantitative parameters. However, in the case of Ni2*, a more than 2.5-times shortening

of the Tobs and 3.6-times decrease of Q¥, are observed. Luminescence decay of
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YbZn16(quinoHA)16@PS/NTA-Ni2* is biexponential highlighting a distance dependence of
Ni2* quenching and smaller impact of this phenomenon on the emission of
YbZnis(quinoHA)16 located in the interior of the NPs. Nevertheless, despite this quenching
effect, characteristic Yb3* emission in the NIR range could be clearly observed for
YbZn16(quinoHA)16@PS/NTA-Ni2* (Figure IV-7.). Because of the higher affinity of His-tag
towards Ni?* compared to Zn?*, further studies were performed with

YbZn16(quinoHA)16@PS/NTA-Ni2*,

The photostability of the imaging probe is an important characteristic that reflects the
possibility to perform long-term or repeated experiments, as well as these that require
high power excitation sources. To estimate this photostability, a solution of
YbZnie(quinoHA)16 in DMF or an aqueous suspension of YbZnis(quinoHA)16@PS/NTA-
Ni2+ was placed in capillaries, inserted into an integration sphere and continuously
illuminated at 405 nm (maximum of absorption, Figure IV-2.) while Yb3+-centered
emission in the NIR at 980 nm was monitored (Figure IV-8.). The results demonstrated
that the signal remained constant after 120 min of illumination for both solution of

YbZn1s(quinoHA)16 and NPs.
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Figure IV-8. Changes in emission intensity at 980 nm for a solution of YbZn1s(quinoHA)16

in DMF (50 pM) or for an aqueous suspension of YbZnis(quinoHA)16@PS/NTA-Ni2* NPs
(6 mg/mL) under continuous illumination at 405 nm.
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2. Bioconjugation of luminescent nanoparticle scaffold

To ensure specificity of constructed NPs scaffold towards Galf, surface had to be coated
with Galf-ase. The bioconjugation of (YbZnis(quinoHA)16) @PS/NTA-Ni2* was done in a
one-pot simple and fast procedure that combined the incubation of NPs with 6xHis-tag
Galf-ase enzyme under agitation to assure optimal interaction. It was assumed that
histidine moieties of 6xHis-tag Galf-ase can chelate the Ni2* immobilized on the surface of
the NPs. The same principle was used before and during the affinity chromatography
purification of the enzyme. This bioconjugation approach was a preferable choice since it
employs mild conditions that could retain enzyme conformation and activity. In principle,
enzyme could be covalently attached to the NPs surface, but such binding in the most
cases affected the activity of the enzyme.23.24 Since our primary concern was to preserve
the Galf-ase function, 6xHis-tag was used to serve for both the initial purification and the

subsequent immobilization on the surface of NPs.25

To simplify the experimental procedure and the assessment of the enzyme activity, wild-
type Galf-ase was used for the initial trial rather than E464Q mutant variant which
exhibits attenuated hydrolytic activity. Briefly, upon bioconjugation, NPs were submitted
to three subsequent washing procedures, meaning pelleting by centrifugation and
resuspension in buffered solution by pipetting, in order to remove excess or non-
specifically bound enzyme. After a final washing step, NPs were resuspended in buffered
solution (205 pL), to ensure an optimal pH of 4.5, and were used for Galf-ase activity
assessment by previously described colorimetric assay. To access the specificity of
enzyme binding, (YbZnis(quinoHA)16)@PS/NTA NPs lacking Ni2* were used as control.
Percentage of Galf-ase activity originating from (YbZnie(quinoHA)16)@PS/NTA and
(YbZnis(quinoHA)16) @PS/NTA-Niz* NPs was determined and normalized to an initial
activity measured for free, non-conjugated enzyme (Figure IV-9. A). The specific activity
of free Galf-ase, tested with pNP-B-p-Galf synthetic substrate, was 0,189 U/g, thus
allowing to determine the remaining quantity of enzyme in each set of surface
functionalized NPs from activity percentage since for all tested bioconjugation conditions
the equal amount of 60 pg of Galf-ase was used per 2 mg of NPs. These results suggest that
approximately 16 pg of Galf-ase remained immobilized on NTA-Ni?* surface
functionalized NPs, providing 27% of its free enzyme activity under the same

experimental conditions, while the 13% of activity corresponds to quantity of 8 ug of Galf-
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ase that remained non-specifically immobilized on only NTA surface functionalized NPs.
In addition, by using an imidazole, histidine side chain structural analogue, bound Galf-
ase was released from the NTA-Ni2+ and the obtained elution supernatant was further
analysed by SDS-PAGE. As shown (Figure IV-9. B), the observed band at 90 kDa provided
the evidence of an efficient conjugation of Galf~ase on the surface of
(YbZnis(quinoHA)16) @PS/NTA-Ni2* NPs through the histidine tag strategy. On the other
hand, the amount of non-specifically bound Galf-ase on the surface of

(YbZnis(quinoHA)16) @PS/NTA was below the detection level by SDS-PAGE analysis.
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Figure IV-9. Investigation of the activity of the bioconjugated Galf-ase. A) The specific
pNP-B-D-Galf activity of Galf-ase obtained after separate bioconjugation with NTA-Ni2*
and NTA surface functionalized NPs compared to free enzyme as a control. B) The SDS-
PAGE analysis of imidazole released Galf-ase from NTA-Ni2* surface functionalized NPs
upon activity assay.

This bioconjugation procedure allowed to investigate whether the enzyme can retain its
activity after being submitted to slightly basic pH conditions with pH 8 during the
reaction. Even though these basic conditions do not favour Galf-ase catalytic activity, as
was demonstrated in the optimum pH activity assay (Chapter II, Figure II-12. A),
lowering the pH to 4.5 was avoided since it would lead to a loss of chelated Ni%* ions due
to the protonation of the chelating carboxylic groups of NTA and would equally protonate
the imidazole nitrogen of the histidine residue and therefore disrupt the coordination

bond between the 6xHis-tag and the transition metal (Figure IV-10.).26
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Figure IV-10. Immobilization of 6xHis-tagged Galf-ase on NTA-Ni2* functionalized
surface of NPs and the coordination bonds formed between NTA carboxylic groups and
imidazole rings with nickel cation.

The stability of enzyme and recovery of its activity in optimum conditions were consistent
with previously obtained data regarding its stability (Chapter II, Figure II-13.) and were

encouraging to proceed towards its preliminary tests for optical imaging.

3. Galf-specific near-infrared imaging with Galf-ase functionalized luminescent
nanoparticles

Imaging experiment was initially presumed as proof-of-a-concept of the constructed
luminescent probe for galactofuranose-specific imaging. Due to the complexity of this
objective, many practical considerations have to be taken into account including the
choice of the in vitro imaging model and the corresponding set of control experiments.
Altogether, it would be of major interest to use fully biochemically characterized and
natural galactofuranose-specific enzyme as substrate-binding probe for in vitro imaging
of glycan structures. The NIR imaging experiments leading to this direction are currently

in progress and will be reported in due time.
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II1. Conclusion

The main objective of this chapter was to create a lanthanide(IIlI)-based luminescent
probe able to carry an engineered enzyme, glycoside hydrolase that, through inactivation
of its catalytic activity, can become a specific optical imaging tool for the detection of its
substrate on in vitro model. In order to construct such probe, a facile protocol had to be
developed. Therefore, polystyrene nanoparticles were chosen since they can encapsulate
hydrophobic lanthanide(Ill)-based complex and possess surface groups to allow further

functionalization and attachment of enzyme.

Ytterbium(Ill)/zinc(II) metallacrown with encapsulated sandwich structure,
YbZn1e(quinoHA)16, was chosen and used for encapsulation in PS/COOH NPs. Carboxylic
groups on the surface of NPs were then used for further functionalization to obtain
YbZnis(quinoHA)16@PS/NTA-Ni2*. Photophysical properties of aqueous suspensions of
YbZnis(quinoHA)16@PS/COOH(/NTA/NTA-Ni2+) NPs with different surface groups were
investigated in detail and compared to these of the initial YbZnie¢(quinoHA)16 in DMF
solution. The NTA-Ni2+ surface functionalized NPs were then bioconjugated with Galf-ase
using mild conditions which allowed 6xHis-tag orientated immobilization and

conservation of enzyme activity.

The development of luminescent probe for NIR imaging of this kind brought together two
concepts, the use of lanthanide(Ill)-based compounds, as potential optical imaging
agents, and neolectins, enzymes that specifically bind to substrate but do not degrade it

and can be used as the equivalent of an epitope-specific antibody.

104



4. Nanoparticules spécifiques de Galf pour l'imagerie infrarouge proche - validation du concept

Résumé

L'objectif principal de ce chapitre était de créer une sonde luminescente a base de
lanthanide(IIl) capable de transporter une enzyme modifiée, la glycoside hydrolase qui,
par inactivation de son activité catalytique, peut devenir un outil d'imagerie optique
spécifique pour la détection de son substrat sur modele in vitro. Afin de construire une
telle sonde, un protocole simple a dii étre développé. Par conséquent, les nanoparticules
de polystyréne ont été choisies parce qu'elles peuvent encapsuler un complexe
hydrophobe a base de lanthanide(III) et possedent des groupes de surface qui permettent

une fonctionnalisation et une fixation plus poussées de 1'enzyme.

L'Ytterbium(III)/zinc(II) métallacrown possédat une structure sandwich encapsulée,
YbZn1s(quinoHA)16, a été choisi et utilisé pour l'encapsulation dans les NP PS/COOH. Des
groupes carboxyles a la surface des nanoparticules ont ensuite été utilisés pour
poursuivre la fonctionnalisation afin d'obtenir YbZnis(quinoHA)16@PS/NTA-Ni2*. Les
propriétés photophysiques des suspensions aqueuses de
YbZn16(quinoHA)16@PS/COOH(/NTA/NTA-Ni2+) NPs avec différents groupes de surface
ont été étudiées en détail et comparées a celles du YbZn1e(quinoHA)16 initial en solution
de DMF. Les nanoparticules fonctionnalisées en surface NTA-Ni2* ont ensuite été
bioconjuguées avec Galf-ase en utilisant des conditions de conjugaison douces qui ont
permis une immobilisation de 6xHis-tag orientée et la conservation de l'activité

enzymatique.

La mise au point d'une sonde luminescente pour l'imagerie NIR de ce type a réuni deux
concepts: l'utilisation de composés a base de lanthanide(Ill) comme agents d'imagerie
optique et de néolectines, enzymes qui se lient spécifiquement au substrat mais ne le
dégradent pas et qui peuvent étre utilisées comme équivalent d'un anticorps épitope

spécifique.
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V. Conclusion & perspectives

Interest for galactofuranose (Galf) and Galf processing enzymes are main or exclusive
object of research interest in a few scientific groups and laboratories around the world.
Carbohydrate chemistry is challenge for any organic chemist and no easier is the task of
synthesis of less stabile furanoside sugars, Galf as such. Some of them are focused on
organochemical aspects of synthesis of Galf derivatives, while others combine
chemoenzymatic approaches. The latter is no less challenging, since the triad of crucial
enzymes involved in the biosynthesis and the metabolism of the Galf-containing
molecules, UDP-galactopyranose mutase (UGM), galactofuranosyltransferase (GalfT) and
galactofuranosidase (Galf-ase), is not completely accessible and characterized for
chemoenzymatic or any other usage. Only a few of listed enzymes have been identified

and cloned thus available to scientific community.

The Enzymology and Glycobiochemistry research group, is unique in scientific
community to be in possession of cloned gene sequences encoding for two UGMs, from
Escherichia coli and Lachnoanaerobaculum saburreum, four putative GalfTs from
Leishmania major, LPG1, LPG1G, LPG1L and LPG1R respectively, and the only reported
Galf-ase from Streptomyces spp. The work and results conducted on these enzymes have

been acknowledged in recent publications.

To date, only a few furanosidases, originating from arabinofuranosidases, have been used
in bioengineering and chemoenzymatic approaches, it was of great interest to explore and
evaluate the potential of only Galf-ase in an original way. Therefore, having access to this
valuable enzyme, it was natural to evaluate it from several aspects. As it was already
indicated in the thesis objectives, there are three directions thesis was initiated to explore:
groundwork characterization, bioengineering potential and target-specific

imaging.

Primarily subcloning of Galf-ase gene insert was undertaken, followed by overexpression
in prokaryotic host and purification in order to provide us with recombinant single 6xHis-
tagged Galf-ase. This tag has a minor influence on protein structure, due to its 1 kDa size,
and served for double purpose, for selective purification and as a linkage to imaging probe
scaffold. Substrate specificity was determined through hydrolysis of more than twenty

different pNP sugars among which only pNP-{3-p-Galf was selected as exclusive substrate.
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Optimal activity conditions demonstrated good stability as well as good catalytic
efficiency. This was of outmost importance in order to use Galf-ase in chemo-enzymatic
synthesis. Altogether obtained results were encouraging to proceed with second part, the

bioengineering of neolectins.

Engineering of neolectins from glycosidases by inactivation of hydrolytic activity was
demonstrated and reported in the literature. Considering this approach was also
employed to obtain first furanothioglycoligase, it was as well our choice of preference.
Site-directed mutagenesis method was used to specifically mutate catalytic acid/base
residue with catalytically inactive one, to generate four Galf-ase mutants. Following
successful overexpression and purification three out of four generated mutants, the
attenuation of hydrolytic activity was demonstrated through Michaelis-Menten assay. The
best mutant variant, E464Q, in aspect of reasonable yield and kinetics, was selected for
furanothioglycoside synthesis trials. The represent mutant was tested for thioglycoligase
potency in a series of reactions with pNP-§3-D-Galf as donor and several thiophenol and 2-
mercaptothiazoline derivatives as acceptors. The reactions yielded eight different
thioglycoside products which were characterized by HPLC and HRMS-ESI. This strategy
proofed the aim to have at once the mutant retaining glycosidase that can efficiently
perform the synthesis of S-galactofuranosides and act as neolectin due to the low

hydrolytic activity.

The final objective of the thesis, target-specific imaging of Galf glycan structures on the

surface of certain microorganisms, was approached in several steps.

Polystyrene NPs were the first choice for building a NIR luminescent scaffold for neolectin
bioconjugation since they are able to encapsulate lanthanide(IlI) complexes while
carboxylated surface was appropriate for further functionalization. The simple and rapid
swelling procedure allowed an encapsulation of lanthanide(III) metallacrowns inside NPs
followed by a two-step EDC/sulfo-NHS covalent coupling of NTA groups and their urther
complexation with Ni2*. The entire surface functionalization strategy was proposed to
specifically immobilize functionally intact neolectins via NTA-Ni2* and 6xHis-tag
interaction. The wild-type Galf-ase was used at first to approve the bioconjugation
protocol as well as the maintained enzymatic activity. After incubation of NTA-NiZ*

functionalized NPs with Galf-ase and several washing steps, the activity of bound Galf-ase
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was assessed by previously described pNP based enzymatic activity assay. It was proved
that the Galf-ase on the surface of NPs retained its enzymatic activity upon bioconjugation

and will allow us to use such NPs as imaging probes in the future.

This work was preparatory for finalisation of the main objective in a form of finding a
sustainable protocol to deliver it. To validate this concept, we focus on finding a simple
and repeatable experimental procedure, which will provide us with results sufficient to

be a good indicator towards complete concept validation.

In the scope of the work and results presented in this thesis, several short-term and long-

term perspectives should be considered for the future work (Figure V-1.).

i) To improve the overexpression of Galf-ase, in order to obtain greater yield of pure
enzyme, sufficient to conduct crystallization trials.

i) To generate double catalytic acid/base and nucleophile residue mutants to completely
attenuate Galf-ase hydrolytic activity and create complete neolectins. The double
mutants can be simultaneously screened as thioglycosynthases.

iii) To use in vitro optical imaging for testing galactofuranose-specific luminescent probe

accessibility towards Galf substrate. Neoglycoproteins surface-labelled with Galf
would serve for the assessment of both imaging probe and Galf-ase double-mutated

neolectins.
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Figure V-1. A graphical abstract of the main short-term and long-term perspectives for the future work.
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V. Conclusion & perspectives

L'intérét pour le galactofuranose (Galf) et les enzymes de transformation de ce dernier
estl'objet principal ou exclusif d'intérét de recherche dans quelques groupes scientifiques
et laboratoires dans le monde. La chimie des glucides est un défi pour tout chimiste
organique et il n'est pas plus facile de synthétiser des sucres furanosides moins stables,
tels que le Galf. Certains d'entre eux se concentrent sur les aspects organochimiques de la
synthése des dérivés de Galf, tandis que d'autres combinent des approches
chimioenzymatiques. Ce dernier point n'est pas moins difficile, car la triade d'enzymes
cruciales impliquées dans la biosynthese et le métabolisme des molécules contenant Galf,
UDP-galactopyranose mutase (UGM), galactofuranosyltransférase (GalfT) et
galactofuranosidase (Galf-ase), n’est pas complétement accessible et caractérisé pour un
usage chimioenzymatique ou tout autre. Seules quelques-unes des enzymes répertoriées

ont été identifiées et clonées, ce qui permet a la communauté scientifique de les utiliser.

Le groupe de recherche en Enzymologie et Glycobiochimie est le seul de la communauté
scientifique a posséder des séquences de genes clonés codant pour deux UGM: Escherichia
coli et Lachnoanaerobaculum saburreum, quatre GalfT de Leishmania major, LPG1, LPG1G,
LPG1G et LPG1R respectivement et la seule Galf-ase de Streptomyces spp. Les travaux et

résultats réalisés sur ces enzymes ont été publiés récemment.

A ce jour, seules quelques furanosidases, issues d'arabinofuranosidases, ont été utilisées
en bioingéniérie et en synthese chimioenzymatique, il était donc tres intéressant
d'explorer et d'évaluer le potentiel de Galf-ase de maniere originale. Par conséquent,
ayant acces a cette précieuse enzyme, il était naturel de 1'évaluer sous plusieurs aspects.
Comme il a déja été indiqué dans les objectifs de la these, il y a trois directions a explorer:

la caractérisation, le potentiel de bioingéniérie et I'imagerie spécifique des cibles.

Le sous-clonage de l'insert du gene Galf-ase a été entrepris, suivi d'une surexpression chez
I'hdte procaryote et d'une purification afin de nous fournir une seule Galf-ase
recombinante 6xHis-tag. Ce tag a une influence mineure sur la structure des protéines, en
raison de sa taille de 1 kDa, et servait a double usage, pour la purification sélective et
comme liaison a I'échafaudage d'une sonde d'imagerie. La spécificité du substrat a été

déterminée par hydrolyse de plus de vingt sucres pNP différents, dont seul le pNP-§3-p-
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Galf a été choisi comme substrat exclusif. Les conditions optimales d'activité ont
démontré une bonne stabilité ainsi qu'une bonne efficacité catalytique. C'était d'une
importance capitale pour l'utilisation de Galf-ase dans la synthese chimioenzymatique.
Dans l'ensemble, les résultats obtenus ont été encourageants et cela nous a permis de

continuer sur la deuxieme partie, la bioingéniérie des néolectines.

b

L'ingénierie des néolectines a partir des glycosidases par inactivation de l'activité
hydrolytique a été démontrée et rapportée dans la littérature. Etant donné que cette
approche a également été utilisée pour obtenir la premiere furanothioglycoligase, c'était
aussi notre choix de préférence. La méthode de mutagenese dirigée a été utilisée pour
muter spécifiquement le résidu acide /base catalytique avec un résidu catalytiquement
inactif, afin de générer quatre mutants de la Galf-ase. Apres une surexpression et une
purification réussies de trois mutants générés sur quatre, l'atténuation de l'activité
hydrolytique a été démontrée par un test Michaelis-Menten. La meilleure variante
mutante, E464Q, en ce qui concerne le rendement et la cinétique, a été sélectionnée pour
les essais de synthése des furanothioglycosides. L'activité de la thioglycoligase du mutant
représenté a été testée dans une série de réactions avec le pNP-3-p-Galf comme donneur
et plusieurs dérivés de thiophénol et de 2-mercaptothiazoline comme accepteurs. Les
réactions ont donné huit produits thioglycosidiques différents qui ont été caractérisés par
HPLC et HRMS-ESI. Cette stratégie a prouvé l'objectif d'avoir a la fois la glycosidase
mutante de rétention qui peut efficacement effectuer la synthese des S-galactofuranosides

et agir comme néolectine en raison de la faible activité hydrolytique.

L'objectif final de la these, I'imagerie spécifique des structures de Galf glycan a la surface

de certains micro-organismes, a été abordé en plusieurs étapes.

Les nanoparticules de polystyrene disponibles dans le commerce étaient le premier choix
pour la construction d'un échafaudage luminescent pour la bioconjugaison de la
néolectine puisque leurs cavités étaient faciles a encapsuler avec des complexes de
lanthanides et que la surface carboxylée était appropriée pour une factualisation
ultérieure. La méthode simple et rapide d'encapsulation mécanique des complexes de
lanthanides a été suivie d'un couplage covalent EDC/sulfo-NHS en deux étapes de NTA et
d'un chargement avec Ni%*. La stratégie de fonctionnalisation de la surface entiéere a été

proposée pour immobiliser spécifiquement les néolectines fonctionnellement intactes
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par interaction NTA-Ni2* et 6xHis-tag. La Galf-ase de type sauvage a été utilisée de
premiére main pour étudier le protocole de bioconjugaison ainsi que l'activité
enzymatique maintenue. Apres incubation de NP fonctionnalisées a l'acide
nitrilotriacétique et de NP chargées de Ni2* avec Galf-ase et plusieurs étapes de lavage,
l'activité de la Galf-ase restante a été évaluée par un test d'activité enzymatique a base de
pNP décrit précédemment. Ceci a montré que la Galf-ase conservait son activité
enzymatique lors de la bioconjugaison et nous a permis de l'utiliser comme sonde

d'imagerie.

Ces travaux préparaient la finalisation de I'objectif principal sous la forme d'un protocole
durable pour l'atteindre. Pour valider ce concept, nous nous sommes concentrer sur la
recherche d'une procédure expérimentale simple et reproductible, qui nous fournira des

résultats suffisants pour étre un bon indicateur vers une validation complete du concept.

Dans le cadre des travaux et des résultats présentés dans cette these, plusieurs
perspectives a court et a long terme devraient étre envisagées pour les travaux futurs

(Figure V-1.).

i) Améliorer la surexpression de Galf-ase, afin d'obtenir un meilleur rendement en
enzyme pure, suffisant pour mener des essais de cristallisation.

ii) Générer des mutants d'acide catalytique/base double et des mutants de résidus
nucléophiles pour atténuer completement l'activité hydrolytique de Galf-ase et créer
des néoélectines compleétes. Les doubles mutants peuvent étre simultanément criblés
comme thioglycosynthases.

iii) Utiliser un substrat d'imagerie in vitro pour tester l'accessibilité des sondes
luminescentes spécifiques au galactofuranose vers le substrat Galf. Les
néoglycoprotéines marquées en surface avec Galf serviraient a l'évaluation de la

sonde d'imagerie et des néoélectines a double mutation Galf-ase.
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Figure V-1. Un résumé graphique des principales perspectives a court et a long terme pour les travaux futurs.
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6. Experimental part

6.1. Materials and methods

Laboratory chemicals used for preparation of compounds or as the starting compounds,
reagents and solvents were analytical grade purity and commercially available. The
ultrapure water, purified by Veolia or Milli-Q® water purification system, was used for all
solutions and buffer preparation and those used for bacterial culture growth were
sterilised by autoclaving prior to use. All instruments used for manipulating and
maintaining bacterial cultures were done according to aseptic laboratory techniques.
Insert gene sequences, wild type and Galf-ase mutants, obtained by site-directed
mutagenesis or subcloning were confirmed by custom deoxyribonucleic acid (DNA)

sequencing (Eurofins Genomics) before applying in further experimental steps.

6.2. Molecular biology

6.2.1. In silico sequence analysis

Galf-ase nucleotide and amino acid sequences were retrieved from National Center for
Biotechnology Information (NCBI) GenBank®3 database under accession number
LC073694. Amino acid sequence alignment search was conducted using a protein query
BLAST® (Basic Local Alignment Search Tool) (NCBI)* in Protein Data Bank (PDB)
database. The deduced protein amino acid sequences, deposited under PDB accession
codes 4YP] (B. circulans, 26% identities), 3CMG (B. fragilis, 24% identities) and 3GM8 (B.
vulgatus, 25% identities), were aligned and analysed with CLC Sequence Viewer 7.7

software.
6.2.2. Polymerase chain reaction (PCR)

PCR was used to amplify whole plasmid constructs DNA or specific regions of template
DNA for gene sequence confirmation and site-directed mutagenesis using custom

oligonucleotide primers (Eurofins Genomics, Ebersberg, Germany).

3 http://www.ncbi.nlm.nih.gov/genbank/

4 http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Gene amplification

Wild type Galf-ase insert gene from pET-50b(+) plasmid construct was amplified with
PCR using Thermo Scientific™ DreamTaq Green PCR Master Mix and custom primers
(Table VI-1.). Reaction was performed in thermocycler (Esco Swift MiniPro Thermal

Cycler) at conditions (Table VI-2.) according to supplier’s instructions.

Table VI-1. Primers used for wild type Galf-ase gene amplification.

Primer Primer length/bp ~ Primer orientation Primer sequence (5°—3’)
T7 25 Forward CGAAATTAATACGACTCACTATAGG
T7term 15 Reverse TAGAGGCCCCAAGGG

Table VI-2. Cycling parameters for wild type Galf-ase gene amplification.

Step Cycle element Temperature/°C Time/min:sec Cycles
1 Initial denaturation 95 3:00 1
2 Denaturation 95 0:30
3 Amplification Annealing 45.6 0:30 40
4 Extension 72 2:00
5 Final extension 72 10:00 1
Sequencing

Plasmid construct pET-28a(+) complete double strand gene sequence, containing wild
type or mutant Galf-ase insert gene, was confirmed using custom oligonucleotide primers

(Table VI-3.). and was done commercially by Eurofins Genomics.

Table VI-3. Primers used for plasmid construct pET-28a(+) gene sequencing.

Primer Primer length/bp ~ Primer orientation Primer sequence (5’—3”)

T7 25 Forward CGAAATTAATACGACTCACTATAGG
Galf-ase MS 20 Forward GTGCCGTTCGTCGCAGAGTC
Galf-ase intra 20 Forward CTCTTGAAGTCCTCTTTCAG

T7term 15 Reverse TAGAGGCCCCAAGGG
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Site-directed mutagenesis

e Substitution

Several Galf-ase catalytic acid/base residue mutants were obtained by site-directed
mutagenesis method. Reaction was performed using Agilent Technologies QuikChange
Lightning Site-Directed Mutagenesis Kit. Mutagenic primers (Table VI-4.) were designed
with Agilent Technologies QuikChange Primer Design tool and reaction was performed in
thermocycler with pET-28a(+) plasmid construct, containing wild type Galf-ase insert
gene, as the template DNA. Reaction conditions (Table VI-5.) and the residual parent
plasmid DNA digestion with Dpn I restriction enzyme was performed according to
supplier’s instructions while the heat-shock transformation of cloning competent cells

was performed according to previously described protocol.

Table VI-4. Primers used for site-directed mutagenesis.

Gene mutation  Primer length/bp  Primer orientation Primer sequence (5’—37)?

E464Q o5 Forward GTCAACCAGAACCAGGGCTGGGGCC
Reverse GGCCCCAGCCCTGGTTCTGGTTGAC

E464A 27 Forward CTGGCCCCAGCCCGCGTTCTGGTTGAC
Reverse GTCAACCAGAACGCGGGCTGGGGCCAG

E464C 35 Forward CGTACTGGCCCCAGCCGCAGTTCTGGTTGACCCAC
Reverse GTGGGTCAACCAGAACTGCGGCTGGGGCCAGTACG

E464S 35 Forward CGTACTGGCCCCAGCCGCTGTTCTGGTTGACCCAC
Reverse GTGGGTCAACCAGAACAGCGGCTGGGGCCAGTACG

@ Underlined sequences indicate the substituted codons

Table VI-5. Cycling parameters for site-directed mutagenesis.

Step Cycle element Temperature/°C Time/min:sec Cycles
1 Initial denaturation 95 2:00 1
2 Denaturation 95 0:20
3 Amplification Annealing 60 0:10 18
4 Extension 68 4:50
5 Final extension 68 5:00 1
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o Deletion

Deletion mutagenesis reaction of EcoRI restriction site was performed using Agilent
Technologies QuikChange Lightning Site-Directed Mutagenesis Kit. Mutagenic primers
(Table VI-6.) were designed with Agilent Technologies QuikChange Primer Design tool
and reaction was performed in thermocycler with pET-28a(+) plasmid construct,
containing wild type or mutant Galf-ase insert gene, as the template DNA. Reaction
conditions (Table VI-7.) and the residual parent plasmid DNA digestion with Dpn I
restriction enzyme was performed according to supplier’s instructions while the heat-
shock transformation of cloning competent cells was performed according to previously

described protocol.

Table VI-6. Primers used for deletion mutagenesis.

Primer Primer length/bp ~ Primer orientation Primer sequence (5°—3’)
Galf-EcoRIA 32 Forward AATGGGTCGCGGATCCAATTCTATGCGTCGAG
Galf-EcoRIA 32 Reverse CTCGACGCATAGAATTGGATCCGCGACCCATT

Table VI-7. Cycling parameters for deletion mutagenesis reaction.

Step Cycle element Temperature/°C Time/min:sec Cycles
1 Initial denaturation 95 2:00 1
2 Denaturation 95 0:20
3 Amplification Annealing 60 0:10 18
4 Extension 68 4:20
5 Final extension 68 5:00 1
Subcloning

Wild type (E464E) Galf-ase gene was subcloned from pET-50b(+) plasmid construct to
pET-28a(+) vector in several steps including insert gene preparation, vector preparation,
ligation reaction and competent bacteria transformation. Plasmid construct pET-50b(+)
was digested with EcoRI and HindlIII restriction enzymes according to the supplier’s
instructions (Thermo Scientific™ FastDigest™ restriction enzymes). The Galf-ase gene
fragment was separated by agarose-gel electrophoresis from restriction enzyme double

digestion reaction mixture, extracted from the low-melting point agarose-gel (1%) and
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purified according to supplier’s instructions (Thermo Scientific Gene]ET Gel Extraction
and DNA Cleanup Micro Kit). Vector pET-28a(+) was simultaneously double digested with
EcoRI and HindlII restriction enzymes and dephosphorylated with alkaline phosphatase
according to supplier’s instructions (Thermo Scientific™ FastDigestTM restriction
enzymes and FastAP™ Thermosensitive Alkaline Phosphatase). Linearized and
dephosphorylated pET-28a(+) vector was purified from reaction mixture according to
supplier’s instructions (Thermo Scientific™ GeneJET PCR Purification Kit). Ligation
reaction was performed with Thermo Scientific Rapid DNA Ligation Kit in thermocycler
(Esco Swift MiniPro Thermal Cycler) at 22°C for 10 min and used for cloning strain

transformation according to previously described protocol.

6.2.3. DNA analysis and purification

Plasmid DNA isolation

Plasmid DNA was prepared from single positive colony inoculated in lysogeny broth (LB)
(5 mL) and supplemented with corresponding antibiotic (30 ug/mL kanamycin). After
overnight incubation at 37 °C in shaker incubator (250 rpm) plasmid DNA was isolated
from bacterial culture and purified according to supplier’s instructions (Thermo

Scientific™ Gene]ET Miniprep Kit).

Restriction enzyme analysis

Presence of insert genes, wild type and mutant Galf-ase, in plasmid constructs, pET-
50b(+) and pET-28a(+) respectively, was confirmed by restriction enzyme double
digestion with appropriate restriction enzymes according to the supplier’s instructions

(Thermo Scientific™ FastDigest™ restriction enzymes).

DNA quantification and purity

Microplate (Thermo Scientific™ puDrop™) was used for DNA sample preparation and
spectrophotometer, (Thermo Scientific™ Multiskan™ GO) for photometric measurement
(260 nm). Spectral data, quantification and qualification were analysed (Thermo

Scientific™ Skanlt Software) and represented as concentration (ng/uL).
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Agarose-gel electrophoresis

Plasmid DNA, PCR products and restriction enzyme digests were separated by agarose-
gel electrophoresis. Agarose (1% w/v) was dissolved by heating in 1xTAE buffer (40 mM
Tris, 20 mM Acetic acid, 0.1 mM EDTA), DNA gel stain was added (2 pL Invitrogen SYBR®
Safe) and poured into a mould containing the requisite number of wells. DNA samples
were diluted (5:1) with loading dye (70% Hz0, 30% Glycerol, 0.25% Bromophenol blue)
and loaded into the wells of the 1xTAE buffer submerged, solid agarose gel. All samples
sizes were compared to Thermo Scientific GeneRuler™ DNA ladder mix depending on the
estimated size of the products. Electrophoresis was conducted in the Embi Tec RunOne™
electrophoresis system at constant voltage (100 V) for approximately 20 min. DNA was
visualized under UV-transilluminator (254 nm) and photographic records of gels were

taken.

6.2.4. Bacterial strains and plasmids

Two strains of Escherichia coli competent cells were used. E. coli DH5a (Novagen®) was
used as cloning strain and Rosetta™ (DE3) (Novagen®) as expression strain. Plasmid
construct pET-50b(+), encoding wild type Galf-ase gene from Streptomyces spp., was
kindly provided by Prof. Kaoru Takegawa, Department of Bioscience and Biotechnology,
Faculty of Agriculture, Kyushu University, Japan. Plasmid vector pET-28a(+) (Novagen®)

was used as destination vector for Galf-ase wild type insert gene subcloning.

Competent bacteria transformation

Competent bacterial cells were removed from -80°C, thawed on ice and plasmid DNA (50-
100 ng) or ligation product (5 pL) was added to aliquot (50 pL) of competent cells and let
on ice for 20 min, followed by heat-shock at water bath at 42°C for 90 seconds and
incubation on ice for 2 min. The cells were let to recover in LB (450 pL) and incubated in
shaking incubator (250 rpm) at 37°C for an hour. Afterwards aliquot (100 pL) of
transformed cells was plated on selective, corresponding antibiotic (34 pg/mL
chloramphenicol and/or 30 pg/mL kanamycin) containing LB agar Petri plates and

incubated overnight at 37°C.
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6.3. Biochemistry

6.3.1. Protein overexpression
Protein production

One single positive Rosetta expression strain colony, previously transformed with
plasmid DNA or ligation product according to previously described protocol, was
inoculated in LB broth (5 mL) supplemented with corresponding antibiotics (34 pg/mL
chloramphenicol and 30 pg/mL kanamycin) and shaker incubated (250 rpm) overnight
at 37°C. That was used for preculture preparation (30 mL LB broth, corresponding
antibiotics, overnight incubation at 37 °C, shaking 250 rpm). This preculture (10 mL) was
inoculated into LB broth (1 L) containing corresponding antibiotics and shaker incubated
(250 rpm) at 37°C. Cells were grown to mid-exponential phase (ODsoo: 0.6), shortly cooled
on ice, protein expression was induced by adding 3-p-thiogalactopyranoside (IPTG) (100
uL; 1 M) and left on shaker incubator (250 rpm) at 15°C for 16 hours. Cells were harvested
by centrifugation (4255 g, 30 min, 4 °C), supernatant discharged and the cell pellets were
resuspended in lysis buffer (10 mL; 100 mM NaCl, 50 mM Tris/HCI pH 8). Cell suspension
was centrifuged (6000 g, 10 min, 4 °C), supernatant discharged and cell pellet stored at -
20 °C.

6.3.2. Protein analysis

Sodium dodecyl sufate-polyacrylamide gel electrophoresis (SDS-PAGE
electrophoresis)

Protein preparations were separated by SDS-PAGE electrophoresis using stacking gel (4%
w/v) and separating gel (8% w/v) in 1x running buffer (0.192 M Glycine, 0.025 M Tris,
0.1% SDS). The samples were diluted (4:1) in Laemmli sample buffer (50% Glycerol, 10%
-mercaptoethanol, 10% SDS, 0.05% Bromophenol blue, 313 mM Tris/HCI pH 6.8), boiled
at 95°C for 5 min, centrifuged (10 000 g, 5 min, room temperature) and loaded into the
wells. Electrophoresis was conducted using Bio-Rad Mini-PROTEAN® Electrophoresis
System at constant voltage (250 V) and current (25 mA). All samples sizes were compared
to Thermo Scientific PageRuler™ Prestained Protein Ladder. Protein were fixed and
visualized on the gel by incubating for approximately 30 min in a staining solution (20%
Ethanol, 10% Acetic acid, 1 mg/mL Coomassie Brilliant Blue G250). Gel was destained by

heating in water until bands appeared visible. Scan records of the gels were taken.
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In-gel digestion

Protein preparations were separated by SDS-PAGE electrophoresis, fixed and visualized
according to previously described protocol. Upon electrophoresis, protein bands of
interest were excised from the gel with a clean scalpel and in-gel digestion procedure was
performed according to the Thermo Scientific In-Gel Tryptic Digestion Kit instructions. An
aliquot of the protein digest was further analysed by peptide mass fingerprinting, using
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF/TOF) instrument,
performed by The Facility for Mass Spectrometry and Proteomics at the Center for
Molecular Biophysics (CBM) platform (FR2708). The obtained data were submitted to

database search by Mascot software (Matrix Science Inc.).

Mass spectrometry

Previously prepared aliquot (200 pL; 4 mg/mL, 20 mM Tris) of pure protein is used to
determine the molecular weight using matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). The analysis was performed by The Facility for Mass
Spectrometry and Proteomics at the Center for Molecular Biophysics (CBM) platform
(FR2708).

Protein concentration

Protein concentration was determined using colorimetric Bio-Rad protein assay based on
the Bradford dye-binding method. A standard calibration curve samples were made with
a series of six bovine serum albumin (BSA) (1 mg/mL) dilutions (0%, 2x, 2.5%, 3.3x, 5%, 10x,
20x). Five protein dilution samples (0x, 2x, 4%, 10x, 20x, 40x) and non-diluted sample
were prepared. Standard solutions and protein samples (10 puL) were transferred in 96-
well microtiter plate and Bio-Rad protein reagent was added (200 pL; 1x). Reaction
mixture was briefly stirred, incubated for 5 min at room temperature and absorbance
measured (595 nm) was using spectrophotometer (Thermo Scientific™ Multiskan™ GO).
Protein concentration (mg/uL) was calculated from standard linear range curve data plot

obtained from standard solutions and samples absorbance measurement results.
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6.3.3. Protein purification
Cell lysis

Cell pellets were resuspended in solution containing lysis buffer (1:10 v/v; 100 mM Nacl,
50 mM Tris/HCI pH 8, 1 mM phenylmethanesulfonyl fluoride (PMSF), 5% glycerol, 0.1%
Triton X-100, 1 mg/L lysozyme). Suspension was incubated on magnetic stirrer for 20
min at 4°C, transferred into tubes, frozen in liquid nitrogen for 5 min at -196°C and thawed
in water bath at 37°C. This freeze and thaw procedure were repeated three times.
Sonication ([2 min on/2 min pause]x3, 50% cycle) was performed in metal beaker on ice,
repeated three times. Lysate was centrifuged (30 000 g, 20 min, 4°C), supernatant
collected, filtered (0.45 um pore filter) and purified by affinity chromatography.

Affinity chromatography

Protein samples were purified manually or automatically, using an AKTA Prime Plus FPLC
unit (GE Healthcare Life Sciences) imidazole elution gradient mode, on Thermo Scientific
HisPur™ Ni-NTA Chromatography Cartridge (1 mL). Chromatography cartridge was first
equilibrated with buffer A (10 mL; 50 mM Tris, 200 mM NacCl, 10 mM Imidazole), followed
by loading protein sample and washing with buffer A (20 mL). Bound proteins were
eluted in imidazole gradient buffers B, C, D, E (10 mL; 50 mM Tris, 200 mM NaCl, 25, 50,
100, 500 mM Imidazole) and fractions were collected (2 mL). Chromatography cartridge
was washed with water (10 mL), ethanol (10 mL; 20%) and stored at 4°C.

Size exclusion chromatography

Proteins were analysed by size exclusion chromatography using a Superdex™ 200
10/300 GL (GE Healthcare Life Sciences) size exclusion column affixed to an AKTA Prime
Plus FPLC unit (GE Healthcare Life Sciences). Protein sample was concentrated by
ultrafiltration (30 000 MWCO, Sartorius Vivaspin® sample concentrator) and loaded (500
uL) onto the column equilibrated with buffer (50 mM Tris, 200 mM NacCl, pH 8.0) and
eluted at a rate of 0.3 ml/min. Fractions (200 pL) were collected and UV-absorption (280

nm) monitored.
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6.3.4. Enzymatic activity assays
pNP-linked monosaccharide substrates hydrolysis activity screening

The enzyme-catalysed hydrolysis assay of twenty-one pNP-linked monosaccharide
substrates (pNP-a-L-Ara, pNP-B-L-Ara, pNP-a-L-Araf, pNP-a-L-Fuc, pNP-3-L-Fuc, pNP-{3-D-
Fuc, pNP-a-p-Gal, pNP-B-p-Gal, pNP-B-p-Galf, pNP-B-p-GalNAc, pNP-a-D-Glc, pNP-3-D-Glc,
pNP-a-D-GlcNAc, pNP-B-p-GIcNAc, pNP-B-p-GlcA, pNP-a-L-Rha, pNP-f-p-Ribf, pNP-a-b-
Man, pNP-B-pD-Man, pNP-a-p-Xyl, pNP-3-D-Xyl) (Appendix 7.1.2. Figure VII-2.) was
performed in 96-well microtiter plate in a reaction mixture (50 puL) containing purified
enzyme (5 pL; 0.053 mg/mL), pNP monosaccharide substrates (5 pL,; 10 mM), buffer (8
uL; 0.1 M Citric acid/0.2 M NazHPO4 pH 4.5) and water (32 pL). Non-enzyme samples for
each pNP monosaccharide substrate were taken as controls for the spontaneous
hydrolysis of the substrate and performed simultaneously with enzyme-containing
reaction mixtures. After 20 min of incubation at 30°C, reaction was terminated (150 pL; 1
M Naz2C03), absorbance (405 nm; €405 = 19 500 M-1cm1) of released pNP was measured
using spectrophotometer (Thermo Scientific™ Multiskan™ GO). All the reactions were
assayed in triplicate and absorbance values were corrected for the spontaneous

hydrolysis of the substrate.
Validation of Linearity assay

To determine the reaction velocity and to evaluate enzyme activity within the linear
range, reaction mixture (1 mL) containing purified enzyme (20 pL; 0.13 mg/mL), pNP-f3-
D-Galf substrate (100 pL; 10 mM), buffer (100 pL; 0.1 M Citric acid/0.2 M Na2zHPO4 pH 5)
and water (780 pL) was prepared. Reaction was incubated at 37°C (water bath), and after
10, 20, 30, 45, 60 min aliquots of reaction (150 pL) were taken, reaction terminated (75
uL; 1 M Naz2C03), aliquoted (200 pL) and absorbance (405 nm; €405 = 19 500 M-1cm-1) of
released pNP was measured using spectrophotometer (Thermo Scientific™ Multiskan™
GO). All the reactions were assayed in triplicate and absorbance values were corrected for

the spontaneous hydrolysis of the substrate.
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Effect of pH on enzyme activity

The effect of pH on enzyme activity was tested by varying reaction mixture pH for 0.5 pH
units from 2 to 9.5 using different pH adjusted buffer systems (0.1 M Citric acid/HCI pH 2;
0.1 M Citric acid/0.2 M NazHPO4 pH 2.5 - 6.5; 0.1 M Tris/HCl pH 7 - 8; 0.1 M Tris/NaOH,
pH 8.5; 0.1 M Glycine/NaOH pH 9 - 9.5). Reaction (50 pL), containing purified enzyme (5
uL; 0.05 mg/mL), pNP-B-p-Galf substrate (5 pL; 10 mM), buffer (8 pL; pH 2 - 9.5) and
water (32 uL), was started by addition of the enzyme and after 20 min of incubation at
30°C (water bath), reaction was terminated (150 pL; 1 M Na20€03). Reaction was
performed in 96-well microtiter plate and absorbance (405 nm; €405 = 19 500 M-1cm-1) of
released pNP was measured using spectrophotometer (Thermo Scientific™ Multiskan™
GO). All the reactions were assayed separately in each buffer system, in triplicate and

absorbance values were corrected for the spontaneous hydrolysis of the substrate.
Effect of temperature on enzyme activity

The effect of temperature on enzyme activity was tested by incubating reaction mixture
at various temperatures ranging from 10 to 80°C. The reactions (50 pL), containing
purified enzyme (5 pL; 0.05 mg/mL), pNP-3-p-Galf substrate (5 pL; 10 mM), buffer (8 uL;
0.1 M Citric acid/0.2 M NazHPO4 pH 4.5) and water (32 pL), were performed in PCR
reaction tubes and incubated 20 min in thermocycler (Esco Swift MiniPro Thermal
Cycler). Reaction was terminated (100 pL; 1 M Na2C0s3) and aliquots of reaction mixtures
(200 pL) were taken, transferred in 96-well microtiter plate and absorbance (405 nm; €405
= 19 500 M-1cm1) of released pNP was measured using spectrophotometer (Thermo
Scientific™ Multiskan™ GO). All the reactions were assayed separately at different
temperatures, in triplicate and absorbance values were corrected for the spontaneous

hydrolysis of the substrate.
Effect of freeze-thaw

Three samples, containing previously purified enzyme (50 pL; 0.235 mg/mL) different
concentrations of glycerol (0 %, 10%, 20%) and water, if required up to solution (100 pL),
were prepared. The samples were precooled on ice (30 min), frozen at -20°C and after
four days were removed from -20°C, thawed on ice (30 min) and enzymatic activity of

sample aliquot (10 pL) was assayed in reaction mixture (200 pL) containing pNP-§-p-Galf
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substrate (20 pL; 10 mM), buffer (35 uL; 0.1 M Citric acid/0.2 M NazHPO4 pH 4.5) and
water (135 pL) at 37°C (water bath), during 10 min, according to previously described
enzymatic activity protocol. This predefined freeze and thaw procedure and activity
assessment were repeated in four cycles within four days interval. Activity recovery was
expressed as a percentage of the activity prior to freezing. All the reactions were assayed
separately in duplicate and absorbance values were corrected for the spontaneous

hydrolysis of the substrate.
Characterisation of kinetic parameters - Michaelis-Menten kinetics

For the enzyme kinetic characterisation corresponding volume of an enzyme (2 pL; 0.13
mg/mL), a pNP-[-p-Galf substrate in different concentration ranges (0.01 mM, 0.02 mM,
0.03 mM, 0.05 mM, 0.08 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.5 mM, 0.8 mM, 1 mM, 2 mM, 3
mM, 5 mM), buffer (20 pL; 0.1 M Citric acid/0.2 M Na2HPO4 pH 4.5) and water, if required
up to reaction mixture (200 pL), was added. The reaction was started by addition of the
enzyme and after 20 min of incubation at 37°C (water bath), reaction was terminated (100
uL; 1 M Naz2C03). Aliquots of reaction mixtures (200 pL) were taken, transferred in 96-
well microtiter plate and absorbance (405 nm; €405 = 19 500 M-1cm~1) of released pNP
was measured using spectrophotometer (Thermo Scientific™ Multiskan™ GO). All the
reactions were assayed in triplicate and absorbance values were corrected for the
spontaneous hydrolysis of the substrate. The kinetic parameters (Km, Vm, kcat) were

calculated using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA).
Inhibitor activity screening assay

The effect of inhibitors 1 - 4 (15 uL; 10 mM) on enzyme activity was tested in reaction
mixture (150 pL) containing purified enzyme (11.2 uL; 0.067 mg/mL), pNP-B-p-Galf
substrate (3.75 pL; 10 mM), buffer (25 pL; 0.1 M Citric acid/0.2 M Na2HPO4 pH 4.5) and
water (95.5 pL). After 20 min of incubation at 37°C (water bath), reaction was terminated
(100 pL; 1 M Naz2CO03). The inhibitors 1 and 4 were dissolved in 10% dimethyl sulfoxide
(DMSO) and the final concentration of DMSO in the reaction medium was 1%. Aliquots of
reaction mixtures (200 pL) were taken, transferred in 96-well microtiter plate and
absorbance (405 nm; €405 = 19 500 M-Icm-1) of released pNP was measured using

spectrophotometer (Thermo Scientific™ Multiskan™ GO). Control enzyme activity
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reactions, without inhibitors, and those containing DMSO at concentration corresponding
to reaction’s, were carried out. All the reactions were assayed in triplicate and absorbance
values were corrected for the spontaneous hydrolysis of the substrate and tested

inhibitors.

The half-maximal inhibitory concentration assay - ICso assay

The ICso assay was performed in the presence of different concentration ranges of
inhibitors 1 - 4 (0.1 mM, 0.2 mM, 0.3 mM, 0.5 mM, 0.8 mM, 1 mM, 2 mM, 3 mM, 5 mM, 7
mM), pNP-B-p-Galf substrate (3.75 pL; 10 mM), buffer (20 uL; Citric acid/Na2zHPO4, pH
4.5) and water. The reaction (150 pL) was started by addition of the enzyme (11.2 pL;
0.067 mg/mL), and after 20 min of incubation at 37°C (water bath), reaction was
terminated (100 pL; 1 M Na2C03). Aliquots of reaction mixtures (200 pL) were taken,
transferred in 96-well microtiter plate and absorbance of released pNP was measured
(405 nm; €405 = 19 500 M-1cm-1) using spectrophotometer (Thermo Scientific™
Multiskan™ GO). Control enzyme activity reactions, without inhibitors, and those
containing DMSO at concentration corresponding to reaction’s (1%), were carried out. All
the reactions were assayed in triplicate and absorbance values were corrected for the
spontaneous hydrolysis of the substrate. The ICso value for each inhibitor was calculated

using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA).
Competitive inhibition assay

The type of inhibition 2 was tested in the presence of different concentration ranges of
pNP-B-p-Galf substrate (0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 1 mM), different
concentrations of 2 (0.1 mM, 0.2 mM, 0.4 mM, 1 mM), buffer (25 uL; 0.1 M Citric acid/0.2
M Na:HPO4 pH 4.5) and enzyme (11.2 pL; 0.067 mg/mL). The final concentrations of 2
were altered in four separate reactions (150 pL) which were terminated (100 pL; 1 M
Na2C03) after 20 min of incubation at 37°C (water bath). Aliquots of reaction mixtures
(200 pL) were taken, transferred in 96-well microtiter plate and absorbance (405 nm; €405
= 19 500 M-1cm™1) of released pNP was measured using spectrophotometer (Thermo
Scientific™ Multiskan™ GO). Control enzyme activity reactions, without 2, were carried
out. All the reactions were assayed in duplicate and absorbance values were corrected for

the spontaneous hydrolysis of the substrate. The type of the inhibition and Ki value for 2
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were calculated using GraphPad Prism 5 software (GraphPad Software, San Diego, CA,

USA).

6.3.5. Furanothioglycosylation

Chemoenzymatic synthesis of furanothioglycosides was performed in the preparative-
scale (2 mL) in the presence of pNP-B-p-Galf glycosyl donor (250 pL; 10 mM, 1 eq.),
thiophenol and 2-mercaptothiazoline derivatives and 7-mercapto-4-methylcoumarine as
acceptors (250 pL; methanol, 0.1 M, 10 eq.), 1,4-dithiothreitol (DTT) (250 pL; 0.1 M, 10
eq.), buffer (400 pL; citric acid/Naz2HPOs4, pH 4.5), water (783 pL) and E464Q Galf-ase (67
puL, 2.7 mg/mL). Reactions were incubated at 37°C (water bath) for 14 h.
Transglycosylation products were analyzed by reverse-phase high performance liquid
chromatography (HPLC) (Agilent Technologies 1220 Infinity II LC) performed on a
ZORBAX Eclipse XDB-C18 column (4.6x50 mm, 3.5 um, Agilent Technologies, USA). The
samples and standards were separated with linear gradient elution in the mobile phase
delivered at a rate of 1 mL/min with solvents A (0.1% formic acid (v/v) in water) and B
(0.1% formic acid (v/v) in acetonitrile). The column effluent was monitored at 250 nm.
The products were purified by reversed phase chromatography (Thermo Scientific™
HyperSep™ C18 Cartridges) in appropriate solvent system for each product (Appendix
7.1.3. Figure VII-3. - Figure VII-10.), fractions evaporated under reduced pressure
(Biichi® Rotavapor® R II) and submitted to structural analysis. The high-resolution
electrospray ionization mass spectrometry (HRMS-ESI) (Bruker maXis II™) was
performed by the Research Federation at the Institute of Organic and Analytical

Chemistry (ICOA) platform (FR2708).
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6.4. Coordination chemistry
6.4.1. Synthesis of Yb!!/Zn!! metallacrowns: YbZnis(quinoHA)16

Synthesis was done by Dr. Tu N. Nguyen (Department of Chemistry, University of Michigan,
USA) following the procedures described below.

Synthesis of quinoxalinehydroxamic acid (HzquinoHA)

In a three-neck flask, 2-quinoxalinecarboxylic acid (3.1 g, 18.0 mmol) was added into a
solution of N-methylmorpholine (2.4 mL, 21.8 mmol) in dichloromethane (50.0 mL). The
mixture was stirred under N2 for 15 minutes and cooled down to 0 °C. Ethylchloroformate
(2.0 mL, 21.0 mmol) was added dropwise while stirring. The mixture was stirred for 1
hour and filtered to obtain a brown solution. Meanwhile, a fresh hydroxylamine solution
was prepared by reacting hydroxylamine hydrochloride (1.9 g 27.0 mmol) with
potassium hydroxide 85% (1.8 g, 27.0 mmol) in methanol (16.0 mL) at 0°C. The solution
was stirred for 10 minutes, filtered, and the filtrate obtained was added dropwise into the
brown solution while stirring at 0°C. The reaction mixture was stirred for 2 hours, filtered,
and the filtrate was left for slow evaporation to induce the precipitation of a white solid.
The solid was recrystallized in hot water, collected by filtration, washed with a copious
amount of water, and dried under vacuum to yield the pure powder of H2quinoHA. Yield
~26% (0.90 g), ESI-MS, calc. for [M - H*], CoHe¢N302, 188.05; found 188.0. THNMR (400
MHz, DMSO-ds) & ppm 11.78 (s, 1 H), 9.40 (s, 1 H), 9.37 (s, 1 H), 8.20-8.15 (m, 2H), 8.00-
7.95 (m, 2 H). 13C NMR (400 MHz, DMSO-ds) 6 ppm 161.0, 144.7, 143.6, 142.8, 139.8,
131.7,131.2, 129.4, 129.1. Elem. Anal,, calc. (found) for (CoH7N302), C: 57.14 (57.42), H:
3.73 (3.85), N: 22.21 (22.06).

[Zn16Yb(quinoHA)16(py)s] (OTf)3 (YbZnis(quinoHA)16). H2quinoHA (0.060 g, 0.32 mmol)
was added into a solution containing 1.0 mL pyridine, 5.0 mL DMF, and 5.0 mL H20. The
solution was stirred for 5 minutes to completely dissolve the solid. Zinc triflate (0.12 g,
0.32 mmol) and ytterbium triflate (0.024 g, 0.040 mmol) were added and the orange
solution was stirred at 80°C for 2 hours. The solution was then cooled down to room
temperature, and filtered. The filtrate was layered with H20 to give red-brown crystals
after three days. The crystals were collected by filtration, washed with H20, and dried in
air. Yield ~ 23% (25 mg). ESI-MS (MeOH), calc. for [M]3+, Zn16YbC144HsoN4s8032, 1403.46;
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found 1403.4. Elem. Anal,, calc. (found) for (Zni6YbCi1s87H120N56041F9S3)(H20)12, C: 40.76
(40.90), H: 2.63 (2.39), N: 14.24 (14.26).

6.5. Nanotechnology
6.5.1. Encapsulation of Yb!!l/Zn!! metallacrowns (YbZnis(quinoHA)16) in
polystyrene nanoparticles: YbZni¢(quinoHA)16@PS/COOH

To an aqueous suspension (600 pL; 10 mg/mL) of polystyrene, surface carboxylated
nanoparticles (PS/COOH) (Micromer®, Micromod Partikeltechnologie GmbH), a solution
of lanthanide complex, Yb!!!/Zn!l metallacrown YbZnis(quinoHA)1s (5mM, 100 pL) in N, N-
dimethylformamide (DMF), was added to a final 6:1 volume ratio. After 20 min of strong
agitation, water (350 pL) was added to the suspension and agitation was continued for
another 20 min at room temperature. Afterwards, sample was centrifuged (15200 g, 30
min; Fisher Scientific™), supernatant removed and NPs pellet resuspended in 2-
morpholinoethanesulfonic acid (MES) buffer (50 mM, 1 mL, pH 6) by combining vortex
mixing and an ultrasonic bath (30 min) until suspension appeared homogenous. This
washing  procedure was repeated twice and the resulted sample
(YbZn16(quinoHA)16@PS/COOH) was resuspended in MES (50 mM, pH 6) to a final

concentration of 6 mg/mL and stored at 4°C until further use.

6.5.2. Surface modification of PS/COOH to PS/NTA

To a MES buffered suspension (1 mL; 6 mg/mL) of PS/COOH and
YbZn1is(quinoHA)16@PS/COOH, water solutions of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (50 mM; 100 pL) and N-hydroxysulfosuccinimide (sulfo-NHS) (50
mM; 100 pL), prepared immediately before use, were added and NPs suspension was
incubated by strong agitation at room temperature for 30 min. Afterwards, sample was
centrifuged (15200 g, 30 min), supernatant removed and NPs pellet resuspended in MES
buffer (50 mM, 1 mL, pH 6) by combining vortex mixing and an ultrasonic bath (30 min)
until suspension appeared homogenous. This washing procedure was repeated twice. The
sample was finally resuspended in MES (500 pL) and aqueous solution of Na, Na-
bis(carboxymethyl)-L-lysine (10 mM; 500 pL) was added. After 2h 30 min of medium
speed agitation at room temperature, sample was centrifuged (15200 g, 30 min),

supernatant removed and NPs pellet resuspended in Tris buffer (50 mM, 1 mL, pH 8) by
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combining vortex mixing and an ultrasonic bath (30 min) until suspension appeared
homogenous. This washing procedure was repeated twice and the sample (PS/NTA or
YbZn16(quinoHA)16@PS/NTA) was finally resuspended in Tris buffer (20 mM, pH = 8) to

a concentration of 6 mg/mL and stored at 4°C until further use.

6.5.3. Synthesis of PS/NTA-Ni2* and YbZn1¢(quinoHA)16@PS/NTA-Ni2+

The Tris-buffered suspension of PS/NTA or YbZnis(quinoHA)16@PS/NTA NPs (900 pL;
10 mg/mL) was incubated at medium speed agitation at room temperature for 45 min
with aqueous solution of NiCl2-6H20 (50 mM; 100 pL). Afterwards, samples were
centrifuged (15200 g, 30 min), supernatant removed and NPs pellet resuspended in Tris
buffer (20 mM, 1 mL, pH 8) by combining vortex mixing and an ultrasonic bath (30 min)
until suspension appeared homogenous. This washing procedure was repeated twice and
the sample PS/NTA-Ni%* or YbZnis(quinoHA)16@PS/NTA-Ni%*) was finally resuspended
in Tris buffer (20 mM, pH = 8) to a concentration of 6 mg/mL and stored at 4°C until

further use.

6.5.4. Bioconjugation of 6xHis-tagged recombinant Galf-ase to PS/NTA-Ni2+
and YbZnie¢(quinoHA)16@PS/NTA-Ni2+

The Tris buffered suspension of PS/NTA-Ni2+ or YbZnie(quinoHA)16@PS/NTA-NiZ* NPs
(350 pL; 6 mg/mL) was incubated by medium agitation (20 Hz, Fisher Scientific TopMix
FB15024 Vortexer) at room temperature for 1 h with solution of Galf-ase (100 pL; 0.4
mg/mL) that corresponds to 35:1 mass ratio. Afterwards, samples were centrifuged (15
200 g, 30 min; Fisher Scientific™), supernatant removed and kept, while the NPs pellet
resuspended in Tris buffer (20 mM, 165 pL, pH 8) by pipetting up and down until
suspension appeared homogenous. This washing procedure was repeated three times
and the sample (PS/NTA-Ni2*-6xHisGalf-ase or YbZnis(quinoHA)16@PS/NTA-Ni2+-
6xHisGalf-ase) was finally resuspended in Tris buffer (20 mM, 165 pL, pH 8) and, together
with the supernatants from all the washing procedures, was kept and used for enzymatic

activity assay.

Bioconjugation assessment of PS/NTA-Ni?*-6xHisGalf-ase or
YbZnis(quinoHA)16@PS/NTA-Ni?*-6xHisGalf-ase by enzymatic activity assay
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Supernatants (165 pL), after initial bioconjugation incubation reaction, washing
procedures and final suspension system sample (PS/NTA-Ni2*-6xHisGalf-ase or
YbZn1s(quinoHA)16@PS/NTA-Ni2+-6xHisGalf-ase, 165 pL) were used in enzymatic
activity assay in the presence of pNP-3-p-Galf substrate (10 pL; 10 mM) and buffer (30 pL;
0.1 M Citric acid/0.2 M NazHPOa4 pH 4.5). The reaction mixture (205 pL) was incubated at
37°C (water bath) for 5 min, terminated by an addition of100 pL of 1 M Na2CO3 solution
and centrifuged (15200 g, 30 min, 10°C; Fisher Scientific Sigma™) if necessary. Aliquots
of reaction mixtures (200 uL) were taken, transferred in 96-well microtiter plate and
absorbance (405 nm; €405 = 19 500 M-1cm-1) of released pNP was measured using
spectrophotometer (Thermo Scientific™ Multiskan™ GO). Control enzyme activity
reactions, with and without PS/NTA-Ni?* or YbZnis(quinoHA)16@PS/NTA-Ni2+, were
carried out. All the reactions were assayed in triplicate and absorbance values were

corrected for the spontaneous hydrolysis of the substrate and tested NP systems.

6.5.5. Characterization of PS/NTA-Ni2+ & YbZnis(quinoHA)16@PS/NTA-Niz+
nanoparticles

Dynamic Light Scattering (DLS)

Hydrodynamic diameters of NPs were determined by DLS using a Zetasizer Nano ZS
particle size analyser (Malvern Instruments, Westborough, MA, USA). The stock
suspensions of NPs were diluted in water to a 0.06 mg/mL concentration, 500 pL were
loaded in appropriate cuvettes and at least three measurements were made at room
temperature. The mean hydrodynamic diameter of the particles was calculated using the

Malvern software package.

Inductively coupled plasma mass spectrometry (ICP-MS)

The Tris buffered suspension of PS/NTA-Ni2* or YbZnis(quinoHA)16@PS/NTA-Ni2+ (20
mM, 1.5 mL; 10 mg/mL) was centrifuged (15 200 g, 30 min, Fisher Scientific™),
supernatant removed and pellet resuspended in EDTA aqueous solution (50 mM, 1 mL)
by combining vortex mixing and an ultrasonic bath (5 min) until suspension appeared
homogenous. Afterwards, sample was centrifuged (15200 g, 30 min), supernatant (1 mL)
removed and analysed for Ni2*content by inductively coupled plasma mass spectrometry
(ICP-MS). From the YbZnis(quinoHA)16@PS/NTA-Ni2* sample (1.5 mL, 10 mg/mL; 150

mg) obtained Ni2* concentration was 82 mg/mL.
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Photophysical measurements

Luminescence data were collected on freshly prepared suspensions of NPs in
corresponding buffers (200 pg/mL) placed in 2.4 mm i.d. quartz capillaries. Steady-state
emission and excitation spectra were measured on a custom-designed Horiba Scientific
Fluorolog 3 spectrofluorimeter equipped with either a visible photomultiplier tube (PMT)
(220-850 nm, R928P; Hamamatsu) or a NIR PMT (950-1650 nm, H10330-75;
Hamamatsu) upon excitation with a continuous Xenon lamp. All excitation and emission
spectra were corrected for the instrumental functions. Luminescence lifetimes (toss) were
determined under excitation at 355 nm provided by a Nd:YAG laser (YG 980; Quantel).
Signals were detected in the NIR ranges using an iHR320 monochromator (Horiba
Scientific) equipped with a Hamamatsu H10330-75 PMT. The output signal from the
detector was fed into a 500 MHz bandpass digital oscilloscope (TDS 754C; Tektronix),
transferred to a PC for data processing with the program Origin 8®. Luminescence
lifetimes are averages of at least three independent measurements. Yb3+-centered
quantum yields under ligands excitation (Q¢,) were determined with the Fluorolog 3
spectrofluorimeter based on an absolute method with the use of an integration sphere
(Model G8, GMP SA, Renens, Switzerland). Each sample was measured several times
under comparable experimental conditions, varying the position of samples. Estimated

experimental error for quantum yield determination is ~10 %.
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7.1. Additional figures
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Figure VII-1. Alignment of complete
sequence and of its homologs.

ORF Galf-ase (Streptomyces spp.) amino acid
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7.1.2. Structural formulas of pNP-linked substrates
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Figure VII-2. Structural formulas of 21 commercially available pNP-pyranosyl and -
furanosyl substrates used for Galf-ase substrate specificity screening.
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7.1.3. The HPLC chromatograms and ESI-HRMS spectras of thioglycosylation
reactions by E464Q
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Figure VII-3. A) Chromatogram of crude thioglycosylation reaction with thioaryl
acceptor. B) Chromatogram of purified product fraction from thioglycosylation reaction.
C) The measured HRMS-ESI spectra of thioarylgalactofuranosyl ion in negative mode. The
analysed sample is the fraction purified on C18 chromatography resin (eluent solvent
mixture: A:B=6:4; A=0.1% formic acid (v/v) in water, B=0.1% formic acid (v/v) in
acetonitrile) and corresponds to the peak (tr=9.19 min) detected on HPLC (Figure VII-3.
B).
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Figure VII-4. A) Chromatogram of crude thioglycosylation reaction with
mercaptophenylacetic acid as acceptor. B) Chromatogram of purified product fraction
from thioglycosylation reaction. C) The measured HRMS-ESI spectra of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=7:3) and
corresponds to the peak (tr=8.08 min) detected on HPLC (Figure VII-4. B).
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Figure VII-5. A) Chromatogram of crude thioglycosylation reaction with 4-
mercaptohydrocynnamic acid as acceptor. B) Chromatogram of purified product fraction
from thioglycosylation reaction. C) The measured HRMS-ESI spectra of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=7:3) and
corresponds to the peak (tr=8.9 min) detected on HPLC (Figure VII-5. B).
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Figure VII-6. A) Chromatogram of crude thioglycosylation reaction with 3-
mercaptobenzoic acid as acceptor. B) Chromatogram of purified product fraction from
thioglycosylation  reaction. C) The measured HRMS-ESI  spectra  of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=7:3) and
corresponds to the peak (tr=8.2 min) detected on HPLC (Figure VII-6. B).

142



7. Appendix

100
PNP
S 50__ sample
E 40 injection
~ peak
E E464Q
product
3] i
2 20 1 l l
1)
=}
@
E; )\ MJ\
0 T T T 1
5 10 : 15
tg (min :
o0 g (min) : NO,
B : s~ :
20+ :
[y
=
£ 104
e’
o
]
=
]
=
R
2 0
2 15
-10-
Intens.. | [M-HI": CuHyuNOS
i 31616496 theoretical m/z: 316.050
300- R experimental m/z: 316.049
2001
100] [ .
] | \ 317.0527 1-
. / \ 318.0487
ol /A N/ -~ ‘ .
315 316 317 318 319 320 321 m/z

Figure VII-7. A) Chromatogram of crude thioglycosylation reaction with 4-
nitrothiophenol as acceptor. B) Chromatogram of purified product fraction from
thioglycosylation  reaction. C) The measured HRMS-ESI  spectra of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=6:4) and
corresponds to the peak (tr=8.9 min) detected on HPLC (Figure VII-7. B).
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Figure VII-8. A) Chromatogram of crude thioglycosylation reaction with 4-
chlorothiophenol as acceptor. B) Chromatogram of purified product fraction from
thioglycosylation  reaction. C) The measured HRMS-ESI  spectra  of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=6:4) and
corresponds to the peak (tr=10.9 min) detected on HPLC (Figure VII-8.).
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Figure VII-9. A) Chromatogram of crude thioglycosylation reaction with 2-
mercaptobenzothiazole as acceptor. B) Chromatogram of purified product fraction from
thioglycosylation  reaction. C) The measured HRMS-ESI  spectra  of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=6:4) and
corresponds to the peak (tr=9.6 min) detected on HPLC (Figure VII-9.).
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Figure VII-10. A) Chromatogram of crude thioglycosylation reaction with 7-mercapto-4-
methylcoumarin as acceptor. B) Chromatogram of purified product fraction from
thioglycosylation  reaction. C) The  measured HRMS-ESI  spectra  of
thioarylgalactofuranosyl ion in negative mode. The analysed sample is the fraction
purified on C18 chromatography resin (eluent solvent mixture: A:B=6:4) and
corresponds to the peak (tr=9.8 min) detected on HPLC (Figure VII-10.).
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ARTICLE INFO ABSTRACT

Keywords:
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Glycoside hydrolase
Thio-f-D-galactofuranoside inhibition

Despite the crucial role of the rare galactofuranose (Galf) in many pathogenic micro-organisms and our increased
knowledge of its metabolism, there is still a lack of recombinant and efficient galactofuranoside hydrolase
available for chemo-enzymatic synthetic purposes of specific galactofuranosyl-conjugates. Subcloning of the
Galf-ase from JHA 19 Streptomyces sp. and its further overexpression lead us to the production of this enzyme
with a yield of 0.5 mg/L of culture. It exhibits substrate specificity exclusively towards pNP B-p-Galf, giving a Ky,

value of 250 pM, and the highest enzymatic efficiency ever observed of 14mM ' s~ . It proved to be stable to
temperature up to 60 "C and to at least 4 freeze-thaw's cycles. Thus, Galf-ase demonstrated to be an efficient and
stable biocatalyst with greatly improved specificity toward the galactofuranosyl entity, thus paving the way to
the further development of transglycosylation and thioligation reactions.

1. Introduction

p-Galactose (p-Gal) is extensively distributed in nature as con-
stituent of oligosaccharides and glycoconjugates [1]. However, under
its furanose form, galactofuranose (Galf) is totally absent from mam-
mals, but is present in many pathogenic microorganisms [2,3]. Indeed,
there are three main and specific enzymes involved in the biosynthesis
and the metabolism of the Galf-containing molecules [4]: UDP-ga-
lactopyranose mutase (UGM) [5], galactofuranosyltransferase (GalfT)
[6] and galactofuranosidase (Galf-ase) [7]). The glycobiology of Galf
and enzymes involved in its metabolism have thus become attractive
targets for the development of antimicrobial agents [8].

Although the metabolism of B-p-galactofuranosyl conjugates has
been extensively studied, mostly in infectious microorganisms such as
Mycobacteria, Tryp ishmania and Aspergillus, there are only
few reports related to these enzymes, especially Galf-ase. Over the past
forty years, Galf-ase has been identified as responsible for the de-
gradation of the p-Galf containing glycoconjugates [8]. The first Galf-
ase identified was an extracellular exo-B-p-galactofuranosidase (exo-B-p-
Galf-ase) isolated and partially purified from Penicillium fellutanum (ex-
type of Penicillium charlesii) culture filtrates [7]. Although described
back in 1977 and later, several exo- and endo-Galf-ases were purified

ma, 1.
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from the culture supernatants and cell lysates of filamentous fungi
[7-9], bacteria [10] and protozoa [11], but the genes encoding these
enzymes have not been identified and expressed earlier, nor their amino
acid sequence determined. Therefore, reported chemo-enzymatic pro-
cedures in literature all used cloned a-t-arabinofuranosidases as bio-
catalytic tools, based on the structure similarity between pNP p-p-Galf 1
and its analogue pNP a-1-Araf 2 (Fig. 1.) [12-14]. However, given the
poor catalytic efficiency of theses biocatalysts toward pNP B-o-Galf 1,
there is still a crucial need for the discovery of improved biocatalysts
that will allow the community to easily access to furanosyl conjugates
(and analogues) owing potential biological properties [3].

Only recently, in 2015, based on the draft genome sequence analysis
of soil Gram-positive bacteria Streptomyces sp., strain JHA19, an open
reading frame that encoded Galf specific enzyme was identified and
cloned, and the enzyme characterized [15,16]. Another gene coding for
a putative Galf-ase was also found later in the genome of Streptomyces
sp., strain JHA26. [16,17] However this first cloned Galf-ase protein
was co-expressed with a large fusion NusA [18] (N-utilization substance
A) tag as solubility enhancer and two His-tags for affinity purification
purpose, thus leading to a large protein of around 150kDa (Fig. 2A)
[15). We thus rapidly thought that these multiple tags might hamper i)
the overexpression of the Galf-ase leading to low yield, and ii) the
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Fig. 1. Chemical structures of pNP -0-Galf 1 and its analogue pNP a-1-Araf 2.

physico-chemical and enzymatic properties of this original biocatalyst.
In addition, the obtained low yield of protein was incompatible with the
development of this biocatalyst.

In view of the previous research considering Streptomyces Galf-ase
investigations [15], we wish to report herein the optimization of the
overexpression and the purification to homogeneity of recombinant
ORF1110 B-p-galactofuranosidase including only one His-tag (Fig. 2B),
with detailed and improved biochemical and kinetic properties, as well
as preliminary inhibition studies of this enzyme. This Galf-ase will thus
constitute the basis for the further development of biocatalyzed in-
corporation of Galf moieties in more complex glycoronjugates.

2. Materials and methods
2.1. Biological and chemical reagents

Restriction enzymes and T4 DNA ligase were purchased from
Thermo Scientific™, E. coli Rosetta™ (DE3) and plasmid vector pET-28a
(+) from Novagen®. All p-nitrophenyl monosaccharides (pNP sugars)
were purchased from Carbosynth (Compten, UK). Galactofuranosides
3-6 were chemically synthesized as previously described [19,20]. All
other laboratory chemicals used as the starting compounds, reagents
and solvents were analytical grade purity and commercially available,
unless otherwise specified.

2.2, Subcloning, overexpression, and protein purification

Plasmid construct pET-50b( +), encoding wild type Galf-ase gene
was digested with EcoRI and HindIIl restriction enzymes and the re-
sulting 2.5 kb fragment containing Galf-ase gene was agarose-gel pur-
ified and ligated into expression vector pET-28a(+) (Novagen').
Ligation was verified by restriction enzyme analysis, and the gene se-
quence integrity was confirmed by DNA sequencing performed by
Eurofins Genomics. E. coli Rosetta™ (DE3) [Novagen') expression strain
was transformed with Galf-ase encoding pET-28a( + ) plasmid construct
by heat shock method and cultured at 37 *C overnight on LB agar plates
supplemented with chloramphenicol (34 pg/ml) and kanamycin
(30 pg/mL). One single positive colony was used to inoculate fresh
lysogeny broth (LB) (10 mL) supplemented with the same antibiotics
and cultured overnight with agitation at 37 *C. The preculture was then
inoculated into LB broth (1 L) containing corresponding antibioties and
shaker incubated (250 rpm) at 37 “C. Cells were grown to mid-ex-
ponential phase (ODgpp: 0.6), shortly cooled on ice and protein ex-
pression was induced by the addition of f-p-thiogalactopyranoside
(IPTG) (100 pL; 1 M) and left on shaker incubator (250 rpm) for further
16h at 15°C. Cells were harvested by centrifugation (4255 g, 30 min,
4°C) and the cell pellets were resuspended in lysis buffer solution (1:10
v/v; 100mM NaCl, 50mM Tris/HCl pH 8, 1mM phenylmethane-
sulfonyl fluoride (PMSF), 5% glycerol, 0.1% Triton X-100, Iysozyme
1 mg/L). Suspension was incubated by stirring for 20 min at 4 °C, lysed
by three freeze-thaw cycles and subsequently sonicated ([2min on/
2 min pause] = 3, 50% eycle) on ice. Lysate was centrifuged (30 000 g,
20min, 4°C), supernatant filtered (0.45pm pore filter) and the re-
combinant protein was then purified from the clarified lysates using
pre-equilibrated (10'mL; 50 mM Tris, 200 mM NaCl, 10 mM Imidazole)
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Thermo Scientific HisPur™ Ni-NTA Chromategraphy Cartridge (1 mL).
The bound protein was eluted by an imidazole gradient (10-500 mM)
and an aliquot of eluted fractions were analysed by sodium dedecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% separ-
ating gel according to Laemmli's method [21], and protein bands were
visualized by staining with Coomassie Brilliant Blue G250. Fractions
containing pure protein were collected, concentrated by ultrafiltration
(30000 MWCO, Sartorius Vivaspin® sample concentrator) and protein
quantity was determined using colorimetric Bio-Rad protein assay
based on the Bradford dye-binding method, with a bovine serum al-
bumin (BSA) as a standard.

2.3, Substrate specificity through hydrolysis of pNP sugars

The hydrolysis of 21 pNP-linked monosaccharide substrates (pNP o
and B-p-Gle, -Man, -Gal, -GleNAe, -Xvl,-1-Fue, -1-Ara, pNP a-1-Rha, pNP
p-o-GalNAc and pNP B-p-GlcA, and 3 furanoses namely pNP [-p-Galf,
PNP a-i-Araf and pNP p-o-Ribf) was assayed in reaction mixture (50 pL)
containing purified enzyme (5 pL; 0.053 mg/mL), pNP monosaccharide
substrates (5 pL; 10 mM), buffer (8 pL; 0.1 M Citric acid/0.2M NaHPO,
pH 4.5) and water (32pL). Residual spontaneous hydrolysis of the
substrate was determined on sample containing H2O instead of enzyme.
For paranitrophenol (pNP) containing substrates, after 20 min of in-
cubation at 30°C, 150puL of sodium carbonate 1M were added, and
produced pNP (g405 = 19500 M~ lem ™) was quantified by absorbance
measurement at 405 nm (Thermo Scientific™ Multiskan™ GO). All ki-
netics parameters were calculated by fitting of saturation curves (as
mean of triplicate measurements) with standard Michaelis-Menten
equation, using Prism & (GraphPad). One unit (U) of enzyme activity
was defined as the amount of enzyme required to liberate 1 pmol of pNP
per min.

2.4. Effects of pH and temperature

The optimum pH was determined by incubating the enzyme in
various pH adjusted buffers (0.1 M Citrie acid/HCI pH 2; 0.1 M Citric
acid/0.2 M NagHPO, pH 2.5-6.5; 0.1 M Tris/HCl pH 7-8; 0.1 M Tris/
NaOH, pH 8.5; 0.1 M Glycine/NaOH pH 9-9.5). The assays were per-
formed separately in each buffer system containing purified enzyme
(5 pL; 0.05 mg/mL), pNP (-o-Galf substrate (5 pL; 10 mM), buffer (8 ul;
pH 2-9.5) and water (32 pL). After 20 min of incubation at 30 *C (water
bath), reaction was terminated (150 pL; 1 M NayC0O4) and absorbance
(405 nm) of released pNP was measured using spectrophotometer
(Thermo Scientific™ Multiskan™ GO). All the reactions were assayed in
triplicate and absorbance values were corrected for the spontaneous
hydrolysis of the substrate.

The effect of temperature on the enzyme activity was investigated at
temperatures ranging frem 10 to 80 °C. The reaction mixtures (50 pL),
containing purified enzyme (5 pL; 0.05 mg/mL), pNP [i-D-Galf substrate
(5 pL; 10mM), buffer (8 pL; 0.1 M Citric acid/0.2M Na,HPO, pH 4.5)
and water (32 pL), were incubated 20 min in thermocyeler (Esco Swift
MiniPro Thermal Cyeler). Afterwards, reactions were stopped (150 pl;
1M NayCOq). Then, the absorbance (405nm) of released pNP was
measured (Thermo Scientific™ Multiskan™ GO) and values were cor-
rected for the spontaneous hydrolysis of the substrate. All the reactions
were assayed in triplicate and absorbance values were corrected for the
spontanecus hydrolysis of the substrate.

2.5, Effect of freeze-thaw cycles

Three samples (100pl), containing previously purified enzyme
(50pL; 0.235mg/mL) different concentrations of glycerol (0%, 10%,
20%) and water, were prepared. The samples were precooled on ice
(30 min), frozen at —20°C and were removed from —20°C after four
days, thawed on ice (30 min) and the enzymatic activity of a sample
aliquot (10 pL) was assayed in reaction mixture (200 pl) containing
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Fig. 2. Schematic representation of pET plasmid constructs cloning/expression regions bearing Galf-ase gene insert. (A) pET-530b( +) plasmid construct ORF coding
for N-terminal Nus protein and double 6xHis-tagged Galf-ase. (B) pET-28a(+) plasmid construct ORF coding for N-terminal single peptide 6xHis-tagged Galf-ase.

PNP B-o-Galf substrate (20 pL; 10 mb), buffer (35 pl; 0.1 M citric acid/
0.2M NazHPO4 pH 4.5) and water (135pL) at 37 °C (water bath),
during 10 min, according to previously described enzymatic activity
protocol. This predefined freeze and thaw procedure and activity as-
sessment were repeated in four cyeles within four days interval. Aetivity
recovery was expressed as a percentage of the activity prior to freezing.
All the reactions were assayed separately in duplicate and absorbance
values were corrected for the spontaneous hydrolysis of the substrate.

2.6. Kinetic studies

Kinetic parameters were determined with pNP [-p-Galf as a sub-
strate in different concentration ranges (0.01 mM-5 mM). The reaction
(200 pL) containing buffer (20 pl; 0.1 M citric acid/0.2 M NaHPO, pH
4.5) and water, if required, was started by addition of the enzyme (2 pL;
0.13 mg/mL) and after 20 min of incubation at 37 °C (water bath), re-
action was terminated (100 pL; 1 M NazC0O4) and absorbance (405 nm)
of released pNP was measured. All the reactions were assayed in tri-
plicate and absorbance values were corrected for the spontaneous hy-
drolysis of the substrate. The kinetic parameters (Ky, Vi, ko) were
caleulated using GraphPad Prism 5 software (GraphPad Software, San
Diego, CA, USA).

2.7, Inhibition studies

1Csp assay was performed in the presence of different concentration
ranges of inhibitors 3-6 (0.1 mM-7 mM), pNP [(-p-Galf substrate
(3.75pl; 10mM]), buffer (20pl; citric acid/Na HPO,, pH 4.5) and
water. The reaction (150 pl) was started by addition of the enzyme
(11.2 pL; 0.067 mg/mL), and after 20 min of incubation at 37 *C (water
bath), reaction was terminated (100 pL; 1 M NagCOq) and absorbance of
released pNP was measured (405 nm). Control enzyme activity reac-
tions were carried out and absorbance values were corrected for the
spontaneous hydrolysis of the substrate. The type of inhibition for 4 was
tested in the presence of different concentration ranges of pNP -n-Galf

ar

substrate (0.05 mM-1 mM) and with different concentrations of 4 (0.1
mhI-1 mM) in the reaction conditions identical to the one previously
described. The ICsy value for each inhibitor, the type of the inhibition
and K; value for 4 were calculated using GraphPad Prism 5 software
(GraphPad Software, San Diego, CA, USA). K; value for compounds 3, 5
and 6 was corroborated by the following Cheng & Prusoff equation: Ky
= ICsa/(1 + [5]/K) [22]).

3. Results and discussion
3.1. Subcloning, expression and purification of recombinant Galf-ase

Plasmid construct pET-50b({+ ), containing the gene insert coding
for B-p-galactofuranosidase (Galf-ase), was double digested with EcoRI
and HindIIl restriction enzymes and the resulting 2.4 kb Galf-ase gene
fragment was excised and purified from agarose-gel. The gene fragment
was ligated to EcoRI and HindIIl linearized pET-28Ba(+) expression
vector. Newly obtained plasmid construct was checked for integrity by
restriction enzyme analysis and the gene sequence was confirmed by
DNA sequencing performed by Eurofins Genomics. Plasmid construct
was transformed into E coli Rosetta™ (DE3) LNovagen.J eXpression
system. Galf-ase was expressed as soluble recombinant protein bearing
only N-terminal peptide hexahistidine fusion tag (6xHis-tag). 6xHis-tag
facilitated selective recombinant protein purification from the bacterial
cellular environment by immobilized metal-affinity chromatography
(IMAC) and, due to its small size, was less likely to interfere with
protein activity and structure [23]. The 6xHis-tagged Galf-ase was ex-
pressed and purified by IMAC with a Ni** immobilized on a nitrilo-
triacetic acid matrix (Ni-NTA) column with a yield of 0.5mg/L of
bacterial culture [24,25]. The purified enzyme displayed an intense
band on the SD5-PAGE gel at an apparent molecular weight (90.3 kDa),
consistent with that theoretically predicted for the Galf-ase fusion
protein (Fig. 3.). This purified Galf-ase was further used for biochemical
characterization.
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Fig. 3. SDS-PAGE analysis of Galf-ase after IPTG induction and Ni-NTA chro-
matography puwification. Lane 1: protein marker. Lanes 2 & 3: cells extract
before and after IPFTG's induction. Lane 4: purified Galf-ase.

3.2, Substrate specificity

A Simple one-step colorimetric assay which commonly employs
synthetic pNP sugars as artificial substrates was used for the assessment
of Galf-ase activity. The assay directly correlates the release of formed
PNP with the hydrolytic activity of tested enzyme and is quantified
spectrophotometrically at 405 nm. The hydrolytic activity and substrate
specificity of Galf-ase was screened against 21 commercially available
NP pyranosyl and furanosyl substrates at 1 mM (Fig. 51.). The only
hydrolysed substrate was pNP (-p-Galf and the Galf-ase exhibited no
hydrolytic activity towards any other of the 20 tested pNP sugars. It is
also noteworthy that, in these experimental conditions, no activity was
observed with the pNP c-L-Araf analogue nor the pNP B-p-Ribf. This
result is in total agreement with our previous observation [15].

3.3, Temperature and pH properties

The bicchemical properties of purified Galfase were investigated
with pNP B-p-Galf as a substrate in different buffer systems covering the
pH intervals between pH 2 and 9.5 and temperature intervals between
10 and 80 °C. The optimum pH was comprised in a narrow range be-
tween 3.5 and 5, significantly decreasing above pH 5. The peak of
maximum activity is present at pH 4.5 (Fig. 4. Left). Once the optimum

A

100

% residual activity

10
pH
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pH conditions were established, the influence of different temperatures
on activity was also measured. For 20 min reactions, the optimal tem-
perature was at 60°C with a clear peak of activity (Fig. 4. Right).
Temperatures above the optimum value resulted in dramatic loss of
activity. However, due to practical constraints, all the following activity
assays were assessed at the physiological temperature of 37 *C. Still, this
current Galf-ase biocatalyst exhibits different and improved physico-
chemical properties toward the previously reported one, with a max-
imum pH shift from 5.5 to 4.5 and a maximum temperature at 60 °C,
thus demonstrating the drawback of large fusion tags [15].

3.4, Frecze-thaw stability

Galf-ase stability towards multiple freeze and thaw cycles was as-
sayed over a different storage conditions, without and in the presence of
glycerol (10% and 20%), and throughout 16 days. Percent of activity
was normalized to an initial activity measured for each storage condi-
tion sample. Galf-ase exhibited stability across all storage conditions
tested and maintained minimally 70% activity after three eycles (Fig.
52.). After four eycles, Galf-ase demonstrated low activity (40%) over
all storage conditions and exhibited higher sensitivity to inactivation
due to multiple freezing. No cryoprotectant was included in this assay
to test the stability of crude Galf-ase sample which showed to be re-
sistant to inactivation to multiple freeze-thaw cycles and retaining 80%
activity after three cycles. The addition of glycerol did not significantly
improve or conserve enzyme stability when compared to one observed
in the absence of a eryoprotectant. Glyeerol is a commeon cryoprotectant
which protects proteins from inactivation during freezing and thawing
by inhibiting the formation of ice erystals upon freezing [26]. Also, it is
waorth mentioning that the purified enzyme remains fairly active over a
minimum of three weeks when stored at 4 *C without presence of any
additives such are cryoprotectants, protease inhibitors, reducing agents,
metal chelators or antimicrobial agents. All together these experiments
demeonstrate the good stability of the Galf-ase under storage condition,
which will be highly convenient in order to use it during chemo-en-
zymatic synthesis.

3.5. Kineric analysis

To determine catalytic parameters, Galf-ase activity was further
investigated with pNP [B-p-Galf as a substrate at optimum pH and at
appropriate temperature. The Galf-ase exhibited typical Michaelis-
Menten kinetics, with Ky value of 250 pM and with k., value of 3.5 571
giving a ke./Kw of 14mM st (Fig. 5 and Table 1). Investigation of
kinetic parameters was also extended to pNP a-t-Araf, despite dis-
playing no hydrolysis when sereened for substrate specificity. The pNP
a-1-Araf did not appear to show saturation kinetics with concentrations
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Fig. 4. A: Influence of pH on Galf-ase hydrelytic activity towards pNP B-p-Galf 1. B: Influence of temperature on Galf-ase hydrolytic activity towards pNP B-p-Galf 1.

Error bars correspond to the 5D of 2 independent measurements.
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Fig. 5. Michaelis-Menten plot of pNP' B-d-Galf 1 hydrolysis reaction catalysed
by Galf-ase. Mean values and SD error bars were calculated from three in-

dependent experiments and from a single protein preparation. Error bars cor-
respond to the SD ef 3 independent measurements.

as high as 15 mM (Fig. 53.). The assay did not yield interpretable kinetic
parameters since the hydrolysis rate was too low to give accurate va-
lues. These observations emphasized that Galf-ase has a really poor
Araf-ase activity as it badly recognised the a-t-arabinofuranose moiety,
thus demonstrating the erucial role of the C-6 hydroxymethyl group in
the specific recognition by the Galf-ase. In addition, when compared to
the recombinant c-t-Araf hydrolases AbfD3 and Araf5]l owing dual
specificity for a-i-Araf and B-o-Galf (Table 1, lines 1 & 2), the specificity
of Galf-ase is incredibly increased toward the hexofuranosyl moiety by
a factor of about 100-fold. When compared to the only two reported
cloned Galf-ases (line 3), from Streptomyces sp. strains JHA19 and
JHAZ6, the values are not in the same order of magnitude. For Galf-ase
JHA19 and JHAZ26, Ky value ranges from 4.4 to 6.8 mM respectively
[15]), vielding at least a 18-fold lower substrate affinity compared to
Galf-ase's Ky which is in the pM level (line 4). Finally, the Galf-ase
parameters described herein are the best reported to date and fully
compatible with the development of the specific and efficient biocata-
lyzed incorporation of Galf entities into more complex glycoconjugates.

3.6, Inhibition studies

The inhibitory properties of several compounds, L.e. alkyl, thiche-
teroaryl and thicimidoyl [i-o-galactofuranosides 3—6, were investigated
by incubating the enzyme, Galf-ase, in the presence of both the sub-
strate pNP B-p-Galf and compounds 3-6 (Fig. 54.). These compounds
were tested as inhibitors because (i) the glycone part, that is B-p-Galf, is
recognised by the active site, (ii) the aglycone part is mimicking a
carbohydrate moiety and (iii) to probe the stability of the thioglyosidic
bond [20]. It has been reported previously that alkyl, aryl and het-
eroaryl 1-thio-fi-o-galactofuranoside derivatives are good inhibitors of
exo (B-o-galactofuranosidase, isolated from P. fellutanum culture media,
and n-galactono-1,4-lactone has been evaluated as a reference inhibitor
with an ICs, value of 0,02 mM [28]. In our hands, compounds 3, 5 and
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Table 2
Inhibition studies with galactofuranosides 3-6: determination of their re-
spective 105, & K.

Compound ICsn (mM} ¥; (mM)

Lo e [ 3.0

/@/ 0.E 0.4
s =

6 showed weak inhibitory activity with ICsg values of 6, 5 and 3mM
respectively, while Galf-ase was more sensitive to the inhibition by
thiogalactofuranoside 4 (Table 2.). This latter showed the best inhibi-
tion activity, with ICgp value of 0.8 mM. The analysis of the Line-
weaver—Burk plot (Fig. 6.) indicated that the compound 4 is a compe-
titive inhibitor of the Galf-ase with K; value of 0.4 mM. Nevertheless,
compared to the only reference r-arabino-1,4-lactone inhibitor pre-
viously probed on Galf-ase [15], 4 exhibited a 100 times increased in
inhibition, that can be mostly attributed to its structural analogy to the
artificial substrate.

4. Conclusion

In this work, we provided a complete biochemical and kinetic
characterization of a subcloned recombinant Galf-ase since the recent
publication of the first ever cloned one. This enzyme was obtained with
a reasonable yield of 0.5 mg/L of culture, and optimally active at pH 4.5
and at 60°C. It is inhibited by substrate’s structural thio analogue
(ICs0 = 0.8 mM), which proved to be a moderate competitive inhibitor
(K; = 0.4 mM). It exhibits substrate specificity exclusively towards pNP
B--Galf, giving a Ky value of 250 pM, and the highest enzymatic effi-
ciency ever observed of 14mM ™" s~ Since to date, only a few fur-
anosidases have been involved in the chemoenzymatic approaches, it
would be of great interest to explore and evaluate the potential syn-
thetic ability of this enzyme to act both as wild-type in transglycosy-
lation [29] or after site-directed mutagenesis as an efficient thicligase

Table 1
Ky for synthetic pNP furanoses 1 and 2 toward two different arabinofuranosidases and two Galf-ase.
Enzyme Em for 1 (mM) ke (577} Kt/ Bope 5~ Lmb 7 Eipa for 2 (mM) keat (571 ket 5~ LmM !
AbyDy [12] =50 15 013 3s 425 122
Arafs1 [13,27] 53 12 0.23 0.25 103 412
JHA 19 & 25 [15] 441t06.8 Only ¥y - - - -
Galfase 025 35 14 nd nd nd

nd: not determinable.
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Fig. 6. Lineweaver-Burk plot of competitive inhibition of Galf-ase hydrolytic activity towards pNP B-D-Galf by 4. Mean values and SD error bars were calculated from
two independent experiments and from a single protein preparation.

[30] in the efficient preparation of galactofuranosyl conjugates. Works
are currently under progress in this direction and results will be re-
ported in due course.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.carres.2019.05.01 1.
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Mise au point de NéoLectines spécifiques des furanosides:
bioingéniérie, imagerie et diagnostic

Résumeé:

Le ciblage spécifique des infections virales et bactériennes revét une importance majeure pour le diagnostic
précoce de nombreuses maladies. Le galactofuranose (Galf) est absent chez I'homme mais se trouve en tant
que fragment de glycoconjugués dans un grand nombre d'agents pathogénes pour les Hommes (Aspergillus,
Leishmania, Trypanosoma, Mycobacterium), offrant ainsi la possibilité de cibler ce sucre dans des applications
biotechnologiques utilisant des enzymes impliquées dans son métabolisme (UDP-galactose), mutase (UGM),
galactofuranosyl transférase (GalfT), galactofuranosidase (Galf-ase). Récemment, la premiére enzyme
spécifique du Galf de Streptomyces spp. et son géne codant ont été rapportés. Ce travail de thése se concentre
sur Galf-ase et se compose de trois parties principales. La premiére partie concerne la caractérisation de cette
enzyme, y compris le sous-clonage, la surexpression, la purification et la cinétique (Kkcat, Km, kca,/Kum), la
détermination de l'activité optimale (pH et température) et de la stabilité au stockage. La deuxieme partie
consiste a appliquer une technologie d'ingénierie enzymatique (mutagenese dirigée par site) pour générer des
néolectines (protéines de reconnaissance des sucres) a partir du type sauvage. Plusieurs enzymes Galf-ase
mutantes ont été surexprimées, purifiées et caractérisées cinétiquement (Kcat, Km, kcat,/ Km) pour leur potentiel
d'utilisation en tant que néolectines et thioglycoligases pour la synthese de furanothioglycosides. La troisieme
et derniére partie porte sur les procédures a suivre pour créer des nanoparticules luminescentes destinées a
contenir des complexes de lanthanides et a lier les néolectines de Galf-ase a sa surface. Les conjugués
luminescents résultants seront testés en tant que sondes dans l'imagerie optique proche infrarouge de Galf
située a la surface de microorganismes.

Mots clés: Galactofuranosidase, Furanothioglycoligase, Neolectins, Lanthanides

Design of galactofuranosyl-specific NeoLectins: bioengineering, imaging
and diagnosis

Summary:

Specific targeting of viral and bacterial infections is of major importance for early diagnosis of many diseases.
Galactofuranose (Galf) is absent in humans but is found as glycoconjugate moiety in a large number of human
pathogens (Aspergillus, Leishmania, Trypanosoma, Mycobacterium) thus offering possibilities to target this
carbohydrate in biotechnological applications using enzymes involved it its metabolism (UDP-galactopyranose
mutase (UGM), Galactofuranosyl transferase (GalfT), Galactofuranosidase (Galf-ase). Recently, the first Galf-
specific enzyme from Streptomyces spp. and gene encoding it has been reported. This thesis work focuses on
Galf-ase and consists of three main parts. First part is groundwork characterization of this enzyme including
subcloning, overexpression, purification and kinetic characterized (kcat, Km, kcat,/Km). Also, determination of
optimum activity (pH and temperature) and storage stability conditions. Second part consists of applying
enzyme engineering technology (site-directed mutagenesis) to generate neolectins (carbohydrate-binding
proteins) from the wild-type. Several mutant Galf-ase enzymes have been overexpressed, purified and
kinetically characterised (kca, Km, keat,/Km) on their potential to be used as neolectins and thioglycoligases for
furanothioglycoside synthesis. Final, third part focuses on procedures in order to create luminescent
nanoparticle scaffold to bear lanthanide complexes and to bind Galf-ase neolectins onto its surface. The
resulting luminescent conjugates will be tested as probes in near-infrared optical imaging of Galflocated on
the surface of microorganisms.

Keywords: Galactofuranosidase, Furanothioglycoligase, Neolectins, Lanthanides
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