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SUMMARY






SUMMARY:

The present work is part of an European project named E.D.E.N. (Enzyme Discovery in
hybrid aspen for fiber ENgineering). The general objective of the project is to identify
novel plant enzymes for deeper understanding of the process of fiber formation and
moadification for future improvement of the quality parameters of wood fibers.

The present project pretends to increase the knowledge about xyloglucan
endotransglycosylases (XET), which are thought to be key enzymes in the construction
and controlled modification of the xyloglucan-cellulose network. It is pretended to study
the mechanism of action and the substrate specificity of a XET from Populus tremula x
tremuloides, concretely XET16A (Ptt-XET16A).

A new enzymatic assay based on capillary electrophoresis is designed and
validated. This assay allows the kinetic study of XETs using as substrates, low
molecular mass xyloglucan oligosaccharides with defined structures. These substrates
have been synthesized in the present work and also in collaboration with Dr. Driguez
team from CERMAV-CNRS.

It is concluded that the maximum of activity of Ptt-XET16A is between pH 5 and
5.5 and 30 and 40 °C. It is demonstrated that Ptt-XET16A follows a bi-bi ping-pong
kinetic mechanism, in which the acceptor acts as competitive inhibitor of the donor
binding to the free enzyme and depending on the donor used, this one can act also as
competitive inhibitor of the acceptor binding to the acceptor subsites of the glycosyl-
enzyme intermediate giving rise to side reaction such as donor polymerization and
product elongation only in case that the donor shows a glucosyl residue in the non
reducing end.

A library of xylogluco-oligosaccharides, synthesized in CERMAV-CNRS by Dr.
Driguez team, is evaluated as Ptt-XET16A donors. With this studies we are able to
deeper understand the activity of XETSs, their substrate specificity and a subsite
mapping of the binding cleft is done, obtaining the contribution of different subsites of
Pit-XET16A to the stabilization of the transition state of the transglycosylation reaction
catalyzed by the studied enzyme.

Finally, a bifluorogenic substrate derived from the tetradecasaccharide used as
standard substrate in this project has been designed to measure hydrolase and
transferase activities of XET enzymes by fluorescence resonance energy transfer
(FRET). The bifluorogenic substrate was obtained, however, it could not be
demonstrated if it is an adequate substrate to measure hydrolase and transferase
activities because the fluorescent properties of the label were lost during substrate

synthesis.
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INTRODUCTION:

1.- Plant cell wall related products.

Humans have been using plants since the beginning of history for a variety of
purposes: feeding, fuels, material for construction, for tools, for furniture, for paper, etc.
each product obtained from selected plant species.

With the agriculture invention, humans started to genetically modify plant species.
Initially, humans selected more adequate variants for agriculture, and nowadays we are
able to genetically modify plans for the desired purposes. Classical genetic techniques
have the objective of generating variability in the studied specie followed by selection of
plants with better characteristics. With molecular biology, the target is the specific
addition, suppression or modification of some genes previously chosen. For that
reason, it is necessary to have a profound knowledge on the genetic and biochemical
mechanisms which control plant development to choose the target genes or processes
to be modified.

The general objective of this work and the project in which it is included is the
study of the molecular mechanisms and genes involved in plant cell wall biosynthesis
and modification.

The most relevant characteristic feature of plant cells is the wall that envelops the
cell. This cell wall has a number of roles, as it will be presented later, including:
structural and protective functions, source of signaling, grown regulation, etc.'?.

Our knowledge on plant cell wall structure has evolved significantly since the first
observation in the early 18" century when microscope was invented. Initially it was
considered a rigid housing for plant cells, and nowadays it is described as a dynamic

and highly regulated organelle located outside the plasma membrane®.



2.- Plant cell wall functions.

Plant cell wall has different functions for plant growth and development:

a) Mechanical support: cell wall dictates plant cell morphology and as a
consequence it is the final responsible of the plant shape. Plant cells treated with cell-
wall degrading enzymes, which remove the cell wall, are invariably spherical,
contrasting with the different cell shapes observed in plants with walled-cells. Therefore
the rigidity that defines cell morphology and as a result plant morphology and structure
is given by the cell wall®.

b) Defense: cell wall functions as the frontier defense system against various
types of microbial pathogens and stress from the surrounding environment®.

c) Signaling: cell wall has an important role in cell-to-cell communication with
other cells or microbes, particularly in symbiotic interactions>®. Fragments of cell wall
polysaccharides could provoke the secretion of defense molecules and induce the
impregnation of walls with protein and lignin to armor it against invading fungal and
bacterial pathogens?.

d) Expansion regulation: cell wall governs the rate and direction of expansion,
and the ultimate size and shape of the cell*.

e) Cell differentiation: cell wall contributes to the functional specialization of cell
types. For example in Zinnia leaves, the shape of spongy parenchyma cells maximizes
both the volume of intercellular spaces and the surface area available for gas

exchange, etc.?...
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3.- Plant cell wall composition.

Physiologically, cell walls can be classified as primary and secondary cell walls.
The primary cell wall is present in young cells or cells able to expand. The secondary
one, on the other hand, is normally more thick, rigid and inextensible and it is formed in
the inner part of the primary cell wall in cells that have finished its expansion®
(Figure 1). Sometimes, differences between these cell types are no so clear and the

borderline is vague.

Figure 1: Schematic representation of cells, showin g middle lamella
(ML), original primary cell wall (CW ;) and secondary cell wall layers (S 1,
S, and S; in deposition order), from Carpita et al. (2000)2

Due to the great diversity of plants and differentiated cells in the same plant, it is
difficult to make a precise and consensus description of cell wall structure. However,
there are some general characteristics:

The principal constituents of the cell wall are polysaccharides: Cellulose,
hemicelluloses, pectins, but also non-carbohydrate components are present such as
lignin, proteins, minerals, etc?.

Cellulose is the most abundant plant polysaccharide; it is a homopolysaccharide
of B-(1—4)-D-glucopyranosyl units, where two adjacent units are oriented with 180° of
rotation. Cellulose polymers are organized by inter and intra hydrogen bonds forming

semi crystalline structures named microfibrills (Figure 2).



Callose consists of a 3-(1—3)-D-glucopyranosyl polymer chain grouped in helical
duplexes and triplexes. Callose is produced in few cell types at specific stages of wall

development, such as in growing pollen tubes, in cell plats of dividing cells, etc’.

Cell wall

Iant cell

Microfibril

Wﬁw%wﬁ

Cellulose

Figure 2: Schematic representation of fibrils, micr ofibrils and structure
of cellulose polysaccharides showing inter and intr amolecular

hydrogen bonds (dotted line).

Hemicellulose is a general name given to polysaccharides that have a backbone
which can be substituted at different positions with other oligosaccharides. They can
hydrogen-bond cellulose microfibrils forming crosslinks between microfibrils. For that
reason, more recently they are named as cross-linking glycans. There are different
hemicelluloses: xyloglucans (XG), glucuronoarabinoxylans and the less abundant
galactomannans, glucomannans, galactoglucomannans, etc. (Figure 3).

Pectin is a broad group of branched and ionic polysaccharides rich in
D-galacturonic acid. It modulates cell wall porosity, pH and ion balance, also seems to
regulate cell-cell adhesion, and it is proposed to contain recognition molecules that
alert plant cells of the presence of symbiotic organisms, pathogens and insects’. It is
composed of three main polymers (Figure 3): the homogalacturonan (HGA) composed
of highly methyl sterified a-(1—4)-D-galacturonic acid, the rhamnogalacturonan | (RG-I)

composed of a repeating disaccharide a-(1—2)-D-rhamnose-a-(1—4)-D-galacturonic



acid, and rhamnogalacturonan Il (RG-lIl) a complex structure with different

monosaccharides and linkages which is able to form boron mediated dimmers?®”.

Xy| og | ucan a-L-Fuc-(1—2)B-D-(3,4-0-Ac)Gal(1—2) a-D-Xyl-(1—6)
u-D-XyI-(l—»IG) u—D-XyI-(l—»GI) u—D-XyI-(1—>6)|

—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glc(1—4)B-D-Glo(1—4)B-D-Glo(1—
I I

a-D-Xyl-(1—6) a-D-Xyl-(1—6)

Glucuronoarabinoxylan
u-D-GIcA-(l—»IZ) u-L-Ara-(1—>|2) u-L-Ara-(l—»IZ) a-D-GIcA-(l—»IZ)

—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—4) B-D-Xyl(1—4)B-D-Xyl(1—4)B-D-Xyl(1—
| | |
a-L-Ara-(1-2) a-L-Ara-(1—4) a-L-Ara-(1-2)

Homogalacturonan (HGA)

—4)-a-D-GalAMe(1—4)-a-D-GalAMe(1—4) )-a-D-GalA(1—4)-a-D-GalAMe(1—4)-a-D-GalAMe(1—4) )-a-D-GalA(1—4)

Xylogalacturonan B DXyH{1=3)
|

—4)-a-D-GalAMe(1—4)-a-D-GalAMe(1—4) )-a-D-GalA(1—4)-a-D-GalAMe(1—4)-a-D-GalAMe(1—4) )-a-D-GalA(1—4)
| |

B-D-Xyl-(1—3) B-D-Xy-(1-3)

Rhamnogalacturonan | (RG 1)

—4)-B-D-Gal(1—4)-B-D-Gal(1—4)-B-D-Gal(1—4)
—>4)-a-D-GaIA(1—»2)—u—D-Rha(1—>4)—a-D-(3-Ac—GaIA(l—»Z))—a-D-Rha(1—>4)-a-D-GaIA(l—»Z)-a—D-IRha(1—>4)-a—D-(3-Ac-GalA(1—>2))—u-D-Rha(1—>4)
—»4)-B-D-Gal(1—>4)-B-D-Gal(1—>4)-B-D-GaI(1—>4:) —>5)u-L-A;ra(l—»S)-u—L—Ara(l—»S) )—u-L-Ara(l—»SI)
u-L-Ara(l—»SI) u-L-Ara(l—»GII) —b)-a-L-Ara(1-5) )-a-L-Ara(1-5)

Figure 3: Schematic representation of some of the m  ost important
structural polysaccharides of the plant cell wall 2. (Xyl: xylose, Gal:
galactose, Glc: glucose, Fuc: Fucose, GalA: galactu  ronic acid, GalAMe:

methyl galacturonate, Rha: rhamnose, and Ara: Arabi  nose).

Lignin is a complex polyphenolic molecule formed by polymerization of three
different monomers: coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Figure 4).
Lignin is mainly deposited in cell walls of tissues involved in mechanical support or in
water conduction; lignin also plays a major role in the plant’'s defense. Lignification
(lignin deposition) occurs when the cell growth is completed and cell wall undergoes
secondary thickening provoking a drastic change in cell wall properties, increasing its

rigidity and hydrophobicity?®.
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Coumaryl Coniferyl Sinapyl
alcohol alcohol alcohol
Figure 4: Structure of different monomers that form lignin.

Structural proteins are classified in four major classes: hydroxyproline-rich
glycoproteins, proline-rich proteins, glycine-rich proteins and proteoglycans®®. All these
related proteins are located in different parts of cells interacting with different polymers
such as pectins, lignins, etc. Different functions were proposed for them although clear
evidences are still lacking such as functions in development, wound healing, plant
defense, plant vascular tissues, initial lignification nucleus, control cell division, cell

adhesion, XG-cellulose matrix locking, etc*?.

Primary cell walls are classified in types | and Il depending on the cross-linking
glycans (hemicelluloses) that they contain: Type | is present in dicots and almost one
half of the monocots in which xyloglucan is the most abundant hemicellulosic material.
Type Il is present in the “commelinoid” line of monocots and the glucoroarabinoxylans
are the major cross-linking glycans. In this study we will focus on type | primary cell

walls.



4.- Plant cell wall architecture.

The primary cell wall type | is made of two or sometimes three different but
interacting networks: The XG-cellulose one, the pectin one and the structural protein
one.

The XG-cellulose network is, in dry weight, the most abundant constituent of
cells. The XG matrix interacts with cellulose microfibrils positioning them (Figure 5).
Both together have been proposed to have the most important function in controlling

cell expansion®?#1%12,

Xyloglucans

Eox tensin———

RG 1 R 1
with arabinogalactans  with arabinans

Arabinosides —

Figure 5: Schematic representation of structural mo del of dicot cell

walls, adapte from Carpita et al. (2000)2:



XG-cellulose interactions were studied determining the quantity of XG recovered
from cell walls using different extraction protocols. In this way different XG domains
could be defined depending on the strength of the extraction protocol used which may
indicate the cellulose interaction strength>***°:

The first XG domain is extracted from cell walls only by treatment with specific
XG-endoglucanases; This XG domain forms cross-links between different cellulose
microfibrils, locking them in the correct spatial arrangement; for that reason it is
accessible to XG-endoglucanases. These connecting fragments were observed by
electron microscopy’.

The second XG domain is extractable with basic solutions and it was proposed to
bind the exposed faces of cellulose microfibrils by hydrogen bonding and it is
covalently linked with the first XG domain.

The third XG domain seems to be entrapped in cellulose microfibrils because it is
only extractable by cellulase digestion of cell wall material once the two first XG
domains were extracted before from cell walls. These cellulases break the cellulose
structure liberating the third XG domain. This entrapped XG could also be covalently
connected with the first domain, but in less extension and it seems to give some
extensibility to microfibrils, compared with pure cellulose microfibrils™®.

This XG-cellulose matrix is the major responsible of the final structure of cell wall
and seems to have a major role on cell-wall structural modifications.

The XG-cellulose network is embedded in a pectin matrix (Figure 5) which
controls different physiological properties (pH, porosity, etc.). The pectin matrix is
cross-linked by Ca?* junction zones, interacting with the non-methylated carboxylates of
pectin polysaccharides. The spacing of these junction zones defines the pore size in
the cell wall. Modification of this pore size could modify diffusion of enzymes and
molecules involved in cell wall modification®?”.

The third network that can be present is a structural protein network . It is able
to interact with the pectin network or form intermolecular bridges without necessarily
binding to the polysaccharide components, although in some cases covalent links
between polysaccharides and structural proteins were described®® (Figure 5). Its
function is still unknown although it seems to have some role in plant defense, cell
expansion, initial lignification nuclea, control cell division, and XG-cellulose matrix

locking when cell wall extension stops, etc'?.
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5.- Plant cell wall biosynthesis.

Primary cell wall polysaccharides are synthesized by various membranes of
protoplasts. Cellulose (B-(1—4)-glucan) and callose (B-(1—3)-glucan) are synthesized
in the plasma membrane, using donor substrates, probably UDP-glucose'’. Terminal
complexes, visible by electron microscopy (Figure 6) are the enzyme complexes which
produce cellulose; in the angiosperms they present a Rosette-like organization with 6
Rosette subunits (Figure 6). Each rosette subunit is proposed to be the association of
six identical cellulose synthase proteins (CeS), each one producing simultaneously one
B-(1—4)-glucan chain®®. Therefore, terminal complexes produce several dozens of
cellulose chains that immediately form cellulose microfibrils by hydrogen bonding™.
These microfibrils are fixed immediately by xyloglucan polymers into the cell wall

provoking the displacement of terminal complexes in the plasma membrane®.

Figure 6: Electron microscopy of freeze fracture pl ant cells, showing

(circle surrounded) different terminal complexes wi th a Rosette shape.
A magnification of one of these Rosettes is also pr  esented, from
Delmer (1999) *°.

Callose is synthesized in the plasma membrane when cells are damaged; the
inverse association of the activation of callose synthesis with the lost of cellulose
synthesis seems to support the concept that callose synthase is an altered cellulose

synthase®’.



Other cell wall polysaccharides are synthesized in the Golgi apparatus by
different polysaccharide synthase enzymes (pectin synthase, xylan synthase...) using
nucleotide sugars as donors®. These polysaccharides are exported to the cell wall by
Golgi-derived vesicles which are fused with the plasma membrane. Polysaccharides
are liberated in the cell wall and incorporated as new material on it.

Different studies have shown synthase activities in different parts of the Golgi
apparatus, for example incorporation of *H labeled xylose in xyloglucan or xylans?. This
studies proved the location where the synthesis of these polysaccharides takes place.
Normally these synthase activities can not be isolated because they are often lost after
detergent solubilization of the Golgi apparatus.

It seems that these polysaccharides are synthesized by sequential action of
cooperating synthases. For example, for xyloglucans synthesis, first a p-(1—4)-D-
glucopyranose backbone is synthesized, immediately a-xylosyltransferases incorporate
xylosyl residues at 75% of the glucoses and after that galactosyl and fucosyl residues

can be incorporated®.
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6.- Xyloglucan nomenclature and biosynthesis.

6.1.- Xyloglucan nomenclature.

An unifying nomenclature was proposed as an attempt to rationalize the

nomenclature of XG related structures and to facilitate its description. This system is

based on chemically consistent rules. All xyloglucan oligosaccharides have a 3-(1—4)-

glucopyranosyl backbone, some of them substituted with one or more additional

residues. In the proposed nomenclature, a code letter is defined for each glucosyl

residue in the backbone depending on the pattern of side-chain substitution as it is

described in the following list?* (Table 1):

Code letter Structure represented

G B-D-Glcp

X a-D-Xylp-(1—6)-B-D-Glcp

L B-D-Galp-(1—2)-a-D-Xylp-(1—6)-B-D-Glcp

F a-L-Fucp-(1—2)-B-D-Galp-(1—2)-a-D-Xylp-(1—6)-B-D-Glcp
a-L-Araf-(1—2)-

A -B-D-Glcp
a-D-Xylp-(1—6)-
B-D-Xylp-(1—2)-

B -B-D-Glcp
a-D-Xylp-(1—6)-

c a-L-Araf-(1—3)-B-D-Xylp-(1—2)-
a-D-Xylp-(1—6)- } “B-D-Glep

S a-L-Araf-(1—2)-a-D-Xylp-(1—6)-B-D-Glcp

Table 1: Codification for XG related structures. Th e code names each

glucose in the backbone and the side chain substitu tion it presents.

One code-letter is assigned to each glucose on the backbone with its branching

groups starting from the non reducing end to the reducing end.

11
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As example, the given names of the following xyloglucan oligosaccharides are:

Ho Q o}
HO H
oH OH

° OH

o
OH OH
o 0 OH OH oH
1O H&go Qo Q Ho o
0o o H HO 0,
HO 8} HO o H
o OH o o OH

X X X G X X X G

X L L G X X L G
XLLG XXLG

Figure 7: Examples of specific nomenclature of some xyloglucan

oligosaccharides.



6.2.- Xyloglucan biosynthesis.

Xyloglucan (XG) is synthesized in the Golgi apparatus by different glycosyl
transferases and later it is exported by the Golgi derived vesicles to the plasma
membrane. Enzymes responsible of XG synthesis are not still unequivocally identified
due to the inactivation they suffer due to cell extraction processes.

Different research groups have started to obtain some conclusions on XG
biosynthesis: XG biosynthesis can be observed in membranes preparations, when both

d*+#2* demonstrating the existence of

UDP-glucose and UDP-xylose were adde
XG-glucosyl and XG-xylosyl transferases involved in XG biosynthesis. These studies
showed that the incorporation of xylose into XG is dependent on the presence of
UDP-Glc in the incubation mixture, since in absence of it, only a restricted amount of
Xyl was incorporated. On the other hand, incorporation of Glc was dependent of
UDP-Xyl concentration, but it was inhibited at high UDP-Xyl concentrations. These
results suggested that XG glucosyltransferase is regulated by UDP-Xyl and that the

2125 1t was also

glucosyltransferase acts cooperatively with the xylosyltransferase
described that the degree of xylosylation of the B-glucan backbone of xyloglucan
depends on the UDP-Xyl:UDP-Glc concentration ratio®.

Other monosaccharides such as D-galactose and L-fucose seem to be added to
XG in later stages of XG synthesis. XG galactosyl and fucosyl transferase activities
were detected in pea epicotyl microsome preparations. It was observed that XG
galactosyltransferase preferentially transfer the galactose unit to —XXXG- to form
—XXLG-, observed by measuring radioactive labeling incorporation in newly
synthesized XG (the same reaction was detected with —XLXG- to produce —XLLG-)®. It
was also concluded that this galactosyltransferase complex should recognize three XG
subunits to explain normal pea XG galactosylation/fucosylation pattern —XXLGXXXG-
(Figure 8).

Fucosyltransferase activity occurs separately from galactosyltransferase®. This
enzyme is more studied, it has been purified and characterized and its encoding genes
were identified?>?"?8, Again this fucosyltransferase show higher affinity for XG trimmers
than for monomers, rendering the repeating hepta:nonasacharide subunits
(-XXXGXXFG-) (Figure 8). Fucosylation always occurs on the galactosyl group nearer
to the reducing end (only XXFG and XLFG were detected but neither XFXG nor XFLG

were detected)”.
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A clarifying schematic representation of XG biosynthesis was proposed by Faik et

al.?® and it is adapted below:

GALACTOSYL TRANSFERASE FUCOSYL TRANSFERASE
00
Synthesizing Binding complex
complex
UDP-Gal GDP-Fuc
UDP-Glc *
+ S XXXG-XXXG-XXXG T [XXLG-XXXG}-XXLG-XXXG-XXLG- -
UDP-Xyl ,—I
(X X J *

XG BACKBONE Galac tosylation Fucos ylation

------- XXXG-XXLG-XXXG cerr e XXLG-XXXG-XXF G v+

1
]

v
—» Elongation—» — Elongation—»
v v
....... XXX G-XXXG-XXXG-XXLG-XXXG seeen s XXLG-XXXG-XXFG-XXXG-XXFG- -+
v v
Repeat —p» —p Repeat—» —»
v v
....... XXXG-XXXG-XXXG-[XXLG-XXXG) — weee s XXLG-XXXG-XXFG-[XXXG-XXFG] -+~
GALACTOSYLATED NASCENT CHAIN GALACTOSYLATED COMPLETED CHAIN
Figure 8: Xyloglucan biosynthesis proposed model. A synthetic

complex was proposed for the synthesis of XG backbo ne (—XXXG-
XXXG-). The binding complex recognizes three units of XG and transfer
a galactose unit from UDP-Gal. Fucosylation to prev  iously added

galactose was proposed, adapted from Faik et al. (1997)25.
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7.- Plant cell wall dynamics.

Although cell wall is the unigue structure responsible of plant cell strength and
rigidity, it also has to be an extremely flexible and dynamic structure to allow the huge
changes experienced by a plant cell during its life. Cells could extend to ten, hundred
or thousand fold their original length, normally maintaining cell wall thickness?
indicating the existence of a coordinate action of different cell wall loosening enzymes
and deposition of nascent material.

There is a general agreement that cellulose-XG network serves to hold the
primary cell wall together and it is the key determinant of wall extensibility™>**3*,
Current hypothesis propose that modification of the cellulose-XG network is the key
process that controls cell wall extensibility. Clearly, the deposition of new wall material
is necessary to maintain wall strength and wall thickness during extension. Some
studies seem to indicate that wall deposition might induce somehow wall extension, but
some controversy exist on this because cell wall extension was observed in vitro,
without the direct need for wall synthesis®*. More recent studies on wall loosening focus
on the enzymatic basis for cell wall extension despite of some proposals on non-
enzymatic cell wall modification that produce loosening.

In the present work the basic enzymatic models will be presented. In these
models different wall-modifying enzymes seem to have important roles on cell wall
modification that results in cell extension:

a) Expansins were identified as mediators of acid-induced wall extension®**,
and is one of the only enzyme classes that directly modulate wall mechanical
properties. Current hypotheses propose that expansins disrupt non-covalent bonds
between wall polysaccharides, acting as a kind of “molecular grease” allowing
polymers to slide between them'*%,

b) Yieldins are characterized by their ability to lower the threshold for extension

(minimum force or pressure necessary to drive the extension of cell wall)*>=®

although
their mode of action was still unrevealed.

¢) Polysaccharide hydrolases are present in cell walls and they are able to
hydrolyze the major components of the cell matrix. Then, it is easy to think of these
enzymes as possible responsible actors of cell wall loosening due to hydrolysis of load-
bearing links between cellulose microfibrils. In contrast, no definitive experimental
proof has demonstrated the ability of hydrolase preparations to provoke cell loosening

in in vitro assays®’, so a direct role in wall loosening awaits confirmation. Only in one
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case it was found that an endoglucanase exhibits extension activity on heat-inactivated
hypocotyls similar to expansin activity, although it is a fungal endoglucanase®.

d) Xyloglucan endotransglycosylases / hydrolases (  XTHSs) are proposed to
have a key role in all changes that xyloglucan polymers experience during cell
expansion. They cut a xyloglucan polymer forming a relative stable glycosyl-enzyme
intermediate and can reconnect the newly-formed reducing end to another xyloglucan
molecule®*®. This activity makes xyloglucan endotransglycosylases (XETs) good
candidates for controlled XG modification, because they cut the XG polymer allowing
reorganization of cellulose microfibrils and then recover the strength of cell wall by

transglycosylation with another XG polymer (Figure 9).

Figure 9: XET catalyzed transglycosylation causing cell wall
restructuring. First XET binds to a XG polymer (A) which acts as tether

between two microfibrils, after that, XET cuts the XG molecule forming

a stable intermediate and allows movement between m icrofibrils (B).

Finally, another XG molecule acting as acceptor lib  erates the XG-XET
intermediate reforming a tether between microfibril s. Picture from Rose

et al. (2002)*".
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Surprisingly, in contrast with expansins or yieldins, XTHs do not induce unilateral
cell wall extension in vitro®”. Despite of these results it has to be taken into account that
boiled plant tissues were used as substrates in these experiments and this treatment
would have eliminated cellular turgor and any active process, including secretion of
xyloglucan into cell wall. Despite of this controversy, different roles in cell wall
expansion have been demonstrated for XTHs: wall biogenesis, rearrangement of
xyloglucan-cellulose network during wall assembly and growth, modification of XG size,
etc.3,10,31,39.

A summary model for wall extension could divide these enzymes in two
subgroups: Primary wall-loosening agents, known as agents that are able to induce
extension of walls in vitro, without any other process involved on it. And secondary
wall-loosening agents, defined as those substances and processes that modify wall
structure to enhance the action of primary agents, or that stabilize the new extended

|32

conformation of cell wall*, or that need a cooperating action of different processes

(XET action plus cellulose and xyloglucan biosynthesis).
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8.- EDEN project.

This work is part of an European project called EDEN (Enzyme Discovery in
hybrid aspen for fiber ENgineering) which include 9 different laboratories. The main
objective of the project was to identify novel plant enzymes for deeper understanding of
the process of fiber formation/modification for future improvement of the quality

parameters of wood fibers (http://afmb.cnrs-mrs.fr/EDEN/home2.html).

Concretely, the different objectives to be achieved were:

a) Global expression profiling of the entire EST (expressed sequence tags)
library of the wood-forming tissues of hybrid aspen in order to identify genes that are
highly expressed during cambial derivatives differentiating into wood cells.

b) Sensitive sequencing and domain organizational analysis of selected
enzymes using novel software and sequence comparison tools available within the
consortium.

c) Heterologous expression, assay development and enzymatic
characterization of selected enzymes to establish new details of the metabolic routes of
wood fiber formation.

d) Analysis of the xylem fiber structure and chemistry of Arabidopsis knock-out
mutants in genes homologous to the wood-specific transcripts in hybrid aspen.

e) Protein localization analyses and fiber characterization of transgenic lines of
hybrid aspen with up/down regulated expression of the selected genes.

f) Micropulping experiments using engineered fibers from a few most interesting
transgenic lines of hybrid aspen to correlate product characteristics with the novel
enzymatic activities.

In the framework of the EDEN project, the present work focuses on the
biochemical characterization of a new xyloglucan endotransglycosylase from Populus

tremula x tremuloides, cloned and expressed within the EDEN consortium.
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9.- Xyloglucan endotransglycosylases.

The xyloglucan-cellulose matrix is the scaffold in which all the cell wall is built.
Actually one enzyme family was thought to have the most important role on building
and modifying this matrix. These enzymes named xyloglucan endotransglycosylases
(XETs) are able to cut a xyloglucan molecule and reconnect the newly generated

reducing end with another xyloglucan molecule (Figure 10).

XET

XET

XET

Figure 10: Schematic representation of XET catalyze d reaction where a
xyloglucan molecule is splitted (blue) and newly ge nerated reducing

end (black) is reconnected to another xyloglucan mo lecule (red).

At the beginning of XET history, three independent groups detected a new
activity on plant cell extracts’®*?. They observed XG depolymerization using different
enzyme preparations when low molecular weight XG oligosaccharides were present in

the media.

19



Nishitani and coworkers® purified an enzyme from the extracellular space of
epycotyls of Vigna angularis which, when assayed with high molecular weight
xyloglucan (230 kDa) and low molecular weight pyridylamino xyloglucan (15 kDa) as
substrates, produced high molecular weight pyridylamino xyloglucan products (149
kDa). This experiment clearly indicates transglycosylation of a large xyloglucan
oligomer (134 kDa) from the initial 230 kDa xyloglucan molecule to the 15 KDa
pyridylamino sugars. When this enzyme was assayed with xyloglucan with a defined
molecular weight distribution it caused only broadening of the elution peak profile on
gel permeation chromatography (GPC), indicating the transfer of a segment from one
XG molecule to another XG molecule giving higher and lower molecular weight
xyloglucan species. No oligomers were detected in this experiment rejecting hydrolytic
activities.

Fry and coworkers* detected transglycosylase activity on pea stem
homogenates, where transfer of a part of a large (200 kDa) non-radioactive xyloglucan
molecule to a ®H-xyloglucan nonasaccharide was detected. The radioactive product
was distinguished from the nonasaccharide by affinity binding to cellulose, by
precipitation with ethanol or by paper chromatography. In these experiments, they
demonstrated that the low molecular weight substrate acts as an acceptor.

Finally, Farkas and coworkers* found transglycosylase activity on nasturtium
(Tropaeolum majus) seeds extracts by measuring the reduction on viscosity of a
solution of tamarind (Tamarindus indica) xyloglucan. They demonstrated that this
enzyme preparation showed some hydrolytic activity on xyloglucan by reducing power
measures. But the activity (by viscometric methods) of these enzyme preparations was
enhanced (10-20 fold) by addition of XG oligosaccharides without the correspondent
increase on reducing power. Finally they clearly demonstrated transglycosylation
observing the gel permeation elution patterns and radioactive incorporation on high
molecular weight oligomers using a non labeled xyloglucan oligosaccharide (XGO)

solution and fucose-labeled XG nonasaccharide®.

A hypothetical scheme of xyloglucan endotransglycosylase action on cell wall
construction and modification was proposed™®:

XG is synthesized in the Golgi apparatus and secreted into the cell wall space
whereas cellulose microfibrils are synthesized in the plasma membrane. During
cellulose microfibril synthesis XG interacts with nascent cellulose chains and it is

incorporated in the semi crystalline structure of cellulose microfibrils. Other XG

20



molecules may interact with finalized microfibrils being adsorbed on the surface of
them. This cellulose microbrils with two different XG domains may anchor to the
pre-existing XG-cellulose matrix. This phenomenon is proposed to occur via
XET-mediated processing where transglycosylation between XG on newly synthesized
cellulose microfibril and XG on the XG-cellulose matrix may create new covalent
linkages between XG-cellulolse matrix and new cellulose microfibril. In this way,
incorporation of nascent polysaccharides into preexisting XG-cellulose matrix can be
explained.

Plant cell experiences huge changes in cell wall structure during its life, then, XG-
cellulose matrix may suffer continuous and controlled modification of its structure.
These maodifications can be produced via XET mediated processes. XETs are able to
cut a XG bridge between two microfibrils allowing net movement between them
rendering restructuring of XG-cellulose matrix and finally fixing again XG-cellulose
matrix by transglycosylation (Figure 9).

Other enzymes such as endoglucanases and others can have co-adjuvant roles
in this XG network modification by XG hydrolysis, although these enzymes are not able
to reform a XG bridge. XETs also can “cut” XG bridges via direct hydrolysis of them or
transglycosylation to a low molecular weight XG oligomer.

During the last decade different studies on XETs were done, demonstrating their
important role and the increasing knowledge in their mode of action, regulation, etc.

For the biochemical characterization and study of an enzyme, an activity assay is
needed. To measure xyloglucan endotransglycosylase activity the commonly used
assays for hydrolytic enzymes were not appropriate, because no increase on reducing

ends is obtained.
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9.1.- Enzymatic assays for XET activity in vitro.

Different assays have been designed to detect xyloglucan endotransglycosylase

activity and they can be classified in three different groups:

9.1.1.- Assays based on physico-chemical changes.

Viscometric : High molecular weight XG solutions present high viscosity.
Depolymerization of this high molecular weight XG, due to hydrolysis or
transglycosylation to a low molecular weight acceptor renders a decrease in the
solution viscosity****. This is not a specific assay for xyloglucan endotransglycosylases
nor transglycosylation activity. It monitors a parallel effect, but it could render an
indirect measure of transglycosylase activity with the correct controls to measure
possible hydrolytic activity without low molecular weight acceptors.

Absorbance of the iodine-XG complex : As it is commonly known for starch, XG
forms with iodine/iodide a colored complex with an absorbance maximum at 620 nm.
This stainability is limited to XG molecules with a molecular weight higher than 10
kDa®. Again an indirect measure of depolymerization of XG can be obtained
measuring the decrease on absorbance at this wavelength with the adequate controls

to correct possible hydrolytic activities***>".

9.1.2.- Assays that measure XG molecular weight distributions:

Incubation of a defined molecular weight XG with XETs gives an increase in peak
width in the elution pattern of this XG by gel permeation chromatography (GPC) without
any change in the elution volume. This increase in the peak width was proportional to
the dose of enzyme®®*®, In contrast, when some hydrolytic activity was present in the
enzyme crude assayed, some low molecular weight oligosaccharides appear, in
parallel to the increase in peak width, giving a prove of hydrolytic activity

contamination.
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9.1.3.- Assays using labeled acceptors:

Different enzymatic methods were developed to monitor XET activity using low
molecular weight labeled acceptors, the differences between them depend on the label
(radiometric, fluorescent) and on the method used to separate the labeled acceptors
from the labeled products (chromatography, cellulose binding, precipitation, etc.).

048 ysed pyridylamino XG oligosaccharides (fluorescent

Nishitani and coworkers
label) as acceptors and monitored the incorporation of the label to a XG having a
defined molecular weight by GPC. With this method a clear proof of transglycosylation
was obtained although it was very difficult to obtain quantitative results.

.#? used **C-fucosylated XG nonasaccharides as acceptors (obtained

Farkas et a
by !C-fucosylation of a XG octasaccharide by pea fucosyltransferase) and
transglycosylation products were isolated from labeled acceptors by precipitation in
50% ethanol. Molecular weight profiles of labeled and isolated transglycosylation
products were analyzed by GPC.

Fry and coworkers* used radiometrically labeled xyloglucan acceptors (XGOs
were reduced with ®H, and a catalyst to obtain labeled XGOs) and they measured
transglycosylation between high molecular weight non labeled XG donor and labeled
XG oligosaccharides by separating different labeled species taking advantage of the
high affinity that high molecular weight XG have for cellulose in contrast to the low
affinity of the labeled low molecular weight acceptors.

The last separation method between labeled products and labeled acceptor is the
most widely used on XET studies, because it allows accurate measure of reaction
progress and permits obtaining quantitative data. Different authors have used this
method with different labeled acceptors (**C-fucosylated*, °H-labelled*®***? and
fluorescently labeled acceptors®).

All the above described enzymatic methods have important drawbacks; the most
important one is the use of polymeric XG as donor substrate which is a polydisperse
mixture of molecules, so that multiple turnovers render complex behavior preventing
detailed kinetic evaluation. For that reason, in the present work one objective is to
design a new activity assay to study xyloglucan end otransglycosylases using

low molecular weight substrates, with defined struc tures.
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9.2.- Classification (Enzyme Commission (E.C.), CAZ Y).

Each enzyme is named by the International Union of Biochemistry and Molecular
Biology (IUBMB) which assigns an EC number based on the reaction catalyzed and its

substrate specificity (http://www.chem.gmul.ac.uk/iubmb/). Xyloglucan

endotranglycosylases have the E.C. 2.4.1.207.

This classification is useful to indicate the activity of an enzyme, but it doesn’t
give any information about mechanism, neither sequence homologies nor 3D structure.
And also it is limited because the same enzyme could have activity on different
substrates or catalyze different reactions, having different EC numbers.

For that reason, in 1991 B. Henrissat™ proposed a new classification for glycosyl
hydrolases based on sequence similarity. Initially they started with 291 sequences of
glycosyl hydrolases classified in 35 families. After some years, the classification was
extended to other carbohydrate acting enzymes such as lyases, glycosyltransferases,
and carbohydrate binding modules >>®.

This classification based on sequence similarities is related with the 3D structure
of the proteins, thus within the same family there are enzymes with different
specificities, but they have similar 3D structures and mechanism of action. It was also
observed that there are 3D structural similarities between members of different families
indicating that probably they have a common evolutionary ancestor. It allows grouping
families in clans. Within one clan, different enzymes present similarities in tertiary
structure together with conservation of the catalytic residues and the catalytic
mechanism®®,

This classification is actualized and maintained by Henrissat and coworkers and it

is available on the internet: www.cazy.org/CAZY/. Currently, more than 100 glycosyl

hydrolase families, 78 glycosyl transferase families, 18 polysaccharide lyases families
and 43 carbohydrate binding module families are found.
XTH belongs to family 16 glycosyl hydrolases and up to now, it is the unique

transferase in this family.
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9.3.- Nomenclature.

Recently an unifying nomenclature for xyloglucan endotransglycosylases has
been proposed which pretends to describe the biochemical activities of these
enzymes®. These authors propose to name all xyloglucan endotransglycosylases as
XTH (xyloglucan endotranglycosylase / hydrolase), because in some cases some
hydrolase activity was detected for different xyloglucan endotranglycosylases*?*%,

Each XTH enzyme should be named with a two letter prefix being the initials of
the genus and the specie followed by XTH and finally, a number indicating the number
of XTH gene in the specie. For example XTH genes from Arabidopsis thaliana should
be named as At-XTHXx (x is a number). They propose to use XET and XEH only to refer
to enzyme activities: XET (xyloglucan endotranglycosylase) and XEH (xyloglucan
endohydrolase).

In EDEN consortium, it is thought that this hew nomenclature is not adequate,
while XTH may be an appropriate designation for genes with undetermined activity, it
could provoke some confusions when applied to enzymes and moreover with enzymes
with extremely little (immeasurable) hydrolytic activity.

In this work, this new unifying nomenclature will be used for genes with
undetermined activity, to describe the gene or enzyme family in a non specific way and

also to name specific enzymes described in bibliography as XTHs.

9.4.- Occurrence of XTH in plants (genomic information).

Nowadays, by sequencing comparison of the emerging genomic information from
sequencing projects, different putative XTH sequences can be identified in different
organisms. For example: In the Arabidopsis genome 33 XTHs were found, in the
tomato genome 25 XTHs, in the rice genome 29 XTHs

http://labs.plantbio.cornell.edu/XTH/ and in Poplar genome 37 XTHs were identified.

XET activity has been detected in all plant species analyzed.

In Arabidopsis, XTHs are classified into three major phylogenetic groups (Figure
11), or subfamilies® in agreement with other phylogenetic studies of XTH genes from a
broad range of plant species®®>®’. In our project, a phylogenetic tree of XTH genes
from Populus trichocarpa has been obtained (Figure 12), although the traditional 1-3

grouping has been presented (Figure 12) more recent studies propose that the division
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between subgroups | and Il it is not clearly observed and that traditional group IIl can

be divided in Group IlI-A and B®%.
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It is quite surprising that there are so much XTH genes in one organism; that
raises the question of whether these genes are redundant in terms of their
physiological role. To answer this question, it has been shown that different genes
have distinct organ or tissue expression profiles, and sometimes in the same tissue
different XTH genes are differently regulated by auxin, gibberellins, brassinolide and
abscisic acid, or differentially expressed in response to environmental stimuli®".

Therefore it seems that every XTH gene has a unique expression and regulation
profile, reflecting a unique biological role for each XTH enzyme in a specific organ or

tissue and as response to a regulation process®.

9.5.- Mechanism of action.

Since 1992 when first xyloglucan transglycosylase/hydrolase (XTH) were
d41,42,48

identifie , @ number of biochemical studies on these enzymes have been done. In
this section different proves of the mechanism of action of these enzymes will be
presented and discussed.

Two activities were observed in different purified XTH. A group of enzymes were
exclusively transglycosylases without any hydrolase activity’®*’. Others had
transglycosylase activity when a relative high concentration of XGOs acceptors were
present, but they have hydrolase activity when no acceptors were present*?4%%,

Initially, these different activities were proposed to correlate with the phylogenetic
groups presented before (Figure 11 and Figure 12). For example in Group 1 and 2 only
pure transglycosylases have been found*®®®’°; in contrast, xyloglucan endohydrolases
have been found only in Group 3%, although some exceptions have been reported®.
Recent studies seems to indicate that this phylogenetic subgroups in Arabidopsis XTH
gene family seem not to correlate with hydrolytic or transglycosylase activities’, and it
is proposed that all XTH should have both activities with different
hydrolase/transglycosylase ratio depending on the XTH. Another study propose the
structural requirements for a XTH to have xyloglucan endohydrolase activity (always
present in enzymes classified in the new subgroup A of Group 3 of newly published
phylogenetic tree)®.

First studies have demonstrated that when reaction between high molecular
weight xyloglucan polymers and *H-labeled xyloglucan oligosaccharides occurs, the

label was present in the reducing end of the product, as seen by oxidation in warm
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NaOH of the terminal glucose to yield *H,O; therefore the labeled xyloglucan

oligosaccharide acts as acceptor

41,75

In parallel, it was demonstrated by *H-NMR that there is no change in the ratio of

anomeric protons during enzyme reaction, therefore a single type of glycosydic linkage

was involved in both the splitting and reconnection steps of the XET reaction®, that

means that XTHs act with retention of configuration . The same conclusion was

obtained by degradation of ®H-labeled XG products by Trichoderma cellulose (endo-B-

(1—4)-D-glucanase) when the *H-labeled acceptor was recovered* demonstrating that

a [3-(1—4) linkage is hydrolyzed.

XTHs belong to family 16 of glycosyl hydrolases and this classification could led

to propose that XTHs work via a double displacement mechanism with retention of

configuration, forming a glycosyl-enzyme intermediate (Figure 13) by analogy with the

demonstrated mechanism of action of glycosyl hydrolases in family 1
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Taking into account the mechanism of action of XETs presented above (Figure
13), it could be clearly explained the existence of some enzymes presenting xyloglucan
endohydrolase activity (XEH). The only difference between XET and XEH activities is
the acceptor involved in the second step if a water molecule acts as acceptor
hydrolysis of the XG molecule occurs, in contrast if a XGO molecule acts as acceptor,

transglycosylation occurs.

Existence of the stable intermediate proposed in Figure 13 was supported by
different experiments:

a) When a XET was incubated with XG polymer, substrate depolymerization is
initially observed, but the reaction stops. The magnitude of depolymerization is
proportional to enzyme concentration. The entire enzyme was probably bound as an
intermediate complex with XG, relatively stable against water, so that, this enzyme
complex becomes temporarily inactive. This stage could be disbalanced by the addition
of more XET or xyloglucan oligosaccharides (XGOs). A new equilibrium was formed at
a higher level of conversion when all the enzyme was trapped again as XG
intermediate complex or XGOs concentration was zero’.

b) This intermediate was used to purify XETs by affinity absorption of the XG
molecule, carrying XET as its covalent stable intermediate, to cellulose. The XET was
liberated using XGOs as acceptors®®®?.

c) It was demonstrated that this intermediate was present also in cell walls:
Isolated cell walls were washed with 1M NaCl to remove loosely bound proteins (82-
86% XET activity was removed). After that, cell walls were incubated with *H-XGOs
and a time dependant release of XET activity in the supernatant was observed in

parallel to the incorporation of radioactive acceptors into the insoluble fraction®.

By sequence similarity analysis between XTH gene products and by comparison
with glycosyl hydrolases in family 16, the amino acid sequence of the active site of
XTHs was proposed to be DEIDFEFLG or DEIDIEFLG®. The glutamate residues
were proposed to be essential by analogy to p-(1—3)(1—4)-glucanases, the first

8  This was

acting as nucleophile and the second as general aci d base
demonstrated by Braam and coworkers for the first glutamate by site directed

mutagenesis’’.
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Another question is the site of donor cleavage . To answer this question,
different studies were done obtaining different conclusions. First of all, it was
demonstrated that XTHs split the donor molecule by a non branched glucose of
XG41,71,85.

Another open question is whether XTHs act by random or specific cleavage . In
different studies it was demonstrated that XTHs could split XG molecule randomly**®
where ten XTH enzymes were evaluated and all of them act in a random mode. In
contrast, there are other studies that seem to demonstrate that some XTHs split XG
molecule at a fixed distance of the reducing end or the non reducing end:

a) An enxyme from azuki bean epicotyls hydrolyses XG from 1500 to 400 kDa to
fragments of 50 kDa without formation of smaller oligosaccharides. This enzyme had
no hydrolytic activity towards 64 kDa XG donors. But again, it transferred a fragment of
50 kDa when activity was evaluated with pyridylamino-labeled xyloglucan
oligosaccharides®. Therefore it seems that this enzyme recognize XG donor by the
way of transferring a 50 kDa from the non reducing end.

b) Tropaelum majus XTH gene product from epicotyls seems to act transferring
low molecular weight xyloglucan fragments, thus it cleaves XG very near to the

reducing end®’.

9.6.- Biochemical properties.

Other biochemical characteristics of XTHs were studied such as enzyme activities
at different experimental conditions (pH, temperature, cations), inhibitors, inactivation,
stability, effect of protein glycosylation, etc. In the following paragraphs these
biochemical studies will be summarized and discussed.

Comparison of different XTH sequences indicate that there are some consensus
regions in their genes (signal peptide, DEIDXEFLG catalytic sequence, putative
N-glycosylation site, and different pairs of cysteines on the carboxy-terminal region that

could form disulfide bridges, etc.)®®.
Presence of at least one disulfide bond was observed in different XTHs such as

a XTH from pea internodes* or the At-XTH22 recombinantly expressed in baculovirus

infected insect cells® or E. coli®®. Ptt-XET16A presents two disulfide bonds®®#°.
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Another possible common feature of XTH enzymes is the putative
N-glycosylation site : most XTHs studied are glycosylated*®®®®. In general, a glyco-
protein could be treated with Endoglycosidase H (Endo H), which leaves a N-acetyl-
glucosamine residue attached to the amino acid residue, and with peptide:N-
glycosidase F (PNGase F), which removes all sugar units and convert the asparagine
residue to an aspartic acid. Implication of the N-glycosylation in XTH activity was
evaluated in different studies:

For example, treatment of At-XTH22 heterologously expressed with baculovirus
infected insect cells with PNGase F eliminated 98% of the activity and treatment with
Endo H removed 48% of activity®®. This lost of activity was not a general behavior as it
is exemplified by some authors’ with other Arabidopsis XTHs: At-XTH4, At-XTH14 and
At-XTH24 were treated with PNGase F and only At-XTH24 showed a significant
decrease in activity.

A profound study on XET N-linked glycosylation was done within this project (by
T. Teeri group (EDEN partner) in a XET from cauliflower (Brassica oleracea var
botrytis) florets, purified from plant extracts or recombinantly expressed in Pichia
pastoris. This enzyme was nearly identical, by sequence alignment of known At-XTH4.
The authors firstly demonstrated that the putative N-linked glycosylation site found in
the majority of XTH-related protein sequences is the site of glycan attachment, by MS
analysis. They observed that totally deglycosylation of this XET provoked a reduction of
40% of activity, but no totally elimination of activity. That could indicate that the
glycosylation did not affect strictly the catalytic mechanism, and it is proposed that it
could have some stabilization role*®.

The same group®’, have studied N-glycosylation in Ptt-XET16A expressed in
Pichia pastoris. Ptt-XET16A and side directed deglycosylated Ptt-XET16A N93S were
kinetically characterized obtaining similar apparent kinetic parameters and similar
thermal stability, however, Ptt-XET16A N93A showed impaired secretion in P. pastoris
and high susceptibility to precipitation and moreover any effect to intrinsic enzyme
activity was detected due to endo H catalysed deglycosylation. They finally proposed
the possibility that for other XTH enzymes, N-glycan can play a more crucial role in the
positioning of the acceptor loop for catalysis than for Ptt-XET16A, although they
discard this possibility for Group 3 XTHs taking into account that N-glycosylation

position is shifted 15 residues towards C-terminus.
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Different authors have evaluated the effect on XET activity of addition of different
species to evaluate the inactivation or activation effects. No clear tendencies are
reported, but it can be affirmed that Ag*, Zn**, La®* and Hg®" have some inhibition
effect, and BSA and urea some activation effect,*95%88

Temperature and pH dependence of XET activity = was evaluated for a quite
high number of XETs. These enzymes act in the cell wall of plants, and normally it is
thought that pH in cell walls is between 5 and 6, so a pH optimum near this range is
expected, and in general, most of XETs show maximum activity between 5 and 6.5,
some of them with a sharp and some with broad pH profiles*!46:49:50.7087.90

Another fact to take into account is that plants can grow in a wide temperature
range, then, enzymes should have a wide temperature margin of activity. Most XETs
studied showed a relatively high activity in a wide temperature range, more than 50%
of the maximum activity at least in a 25°C temperature range. Temperatures of
maximum activity are described between 18 and 30 °C and some enzymes showed

50% of activity at extreme temperatures such as 5 °C and 45 °C**>070%,

9.7.- Substrate specificity.

A number of studies have evaluated different oligosaccharides as substrates for
XETs, but always limited to natural oligosaccharides or oligosaccharides derived from
them. This limitation is a drawback to obtain XET specificity information. In the

following paragraphs current knowledge about substrate specificity is discussed:

9.7.1.- Donor substrates.

Different polysaccharides were tested as possible donor substrates for XETs
(xyloglucan, pectin, dextran, cellulose, xanthan gum, laminarin methylcellulose,
alginate, B-(1—3)(1—4)-glucan, nigeran, starch, xylan, arabinoxylan, guar, manan,
inulin, chitosan, rhamnogalacturonan-I and -lIl, a-(1—5)(1—3)-L-arabinan, B-(1—4)-
galactan, 4-O-Me-glucoronoxylan, arabinogalactan, carboxymethylcellulose) but only

with XG, some activity was detected*®***°,
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Some XETs prefer certain XG substructures in the donor molecule, for example

40,70,91

some XETs prefer fucosylated XG donors others prefer non-fucosylated XG

HL5L70 others act similarly on Fuc or non-Fuc XG*>**™ and some XETs have

donors
higher activity on less branched XG substrate, i.e. XET from tomato (Lycopersicon
esculentum) have 4 fold more activity against Tomato XG than against Fuc or non-Fuc
XG*.

Although it is a surprising result, some XETs seem to prefer XG of relatively high
molecular weight. For example, XET from Vigna angularis seems to prefer at least XG
donors of 10 kDa molecular weight showing higher activities as larger the donor is*;
One XET from azuki bean is only active against XG of MW > 60 kDa*. Other XETs
seem to prefer relatively low molecular weight XG donors, for example a XET from kiwi
fruit shows higher activity on XG with MW below 20 kDa*, and at least some XET
tolerate donors as small as XXXGXXXG and GXXGXXXG"*#°,

It is quite surprising that enzymes that are relatively small molecules in
comparison to XG could “sense” if the XG substrate has the correct length. It is
reasonable to assume that XET recognizes, at most, a specific pattern of substitution of
small molecules as the mentioned XXXGXXXG. However, taking into account that
XETs act on polymeric substrates, it is possible to hypothesize that some secondary
interactions (superficial) can be produced between polymeric substrates and XETH
which can revert higher efficiencies on larger substrates.

In some papers, it is proposed that most XETs do not use such small donors, but
the problem could be that there are no enzymatic assays to verify if such small donors
could be donors of different XETs. For that reason, the design a new enzymatic
assay to evaluate possible low molecular weigh dono rs will be one of the

objectives of the present work.

9.7.2.- Acceptor substrates.

Specificity for acceptor substrates was further more studied than for donors:

a) All XETs studied can use XGOs derived from cellotetraose (more or less
substituted) as acceptors and also higher oligomers.

b) Reducing terminus is not required : It was proved by using NaBH, reduced

46,49,50,52,70,86-88,90,92-97

XGOs acting as acceptors or reducing end labeled XGOs
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acceptors e 40,53,64,91,98-101

that the reducing end of the acceptor is not required for
activity.

c) Lineal oligosaccharides are not acceptors, therefor e some branching is
required : only xyloglucan oligosaccharides can be used as acceptors for XET, neither
cellotetraose (GGGG) nor cellohexaose (GGGGGG) are acceptors for XETs. Some
xylosyl substitution should be a requirement for a substrate to act as acceptor’®*:%.
Recently, however a nasturtium xyloglucan endotranglycosylase / hydrolase have
shown some transglycosylase activity on cellobiose (GG), cellotriose (GGG), and
cellotetraose (GGGG)®*.

d) Acceptor specificities (XXG is the minimum acceptor): most abundant
XGOs (XXXG, XXLG, XLXG, XLLG, XXFG, XLFG, etc.) have been widely used in XET
studies but only some authors have analyzed shorter acceptors: Fry and coworkers*
have evaluated different labeled XGOs using a competing assay to obtain relative
measures of acceptor affinities, showing the following relative sequence XLFG = XFG
>> FG = X = 0. By these competing assays, estimated ls, values were obtained: 19 uM
for XLLG, 33 uM for XXXG and proposing XXG as the simplest structural unit for an
acceptor’’. The same minimal acceptor (XXG) was proposed by Steel et al. with
cauliflower and mung bean XET, although for one isoenzyme minimal activity was
detected using the trisaccharide XG as acceptor™. In this study a pronounced
preference for higher degree of polymerization (DP) oligosaccharides was detected
showing higher activities for larger acceptors XLLG>XXXG>XXG>XG.

e) Fry and coworkers® tried to determine which of the xylosyl residues of XXG
are needed to act as acceptor. They evaluated GXG and XGG as possible acceptor but
neither of them showed activity, concluding that both xylosyl substitutions of XXG
are required . This result were somehow limited due to the relatively lack of mono-
xylosyl-substituted oligosaccharides and seems to be contradicted by qualitative results

from Fanutti et al.®®

which indicate that xylosyl substitution at +1 was not required.

In summary, this studies shown that acceptor specificities is enzyme dependent
where both the preferred length and the degree of branching can vary between XETs*"
42859095 Thjs could explain the high diversity of activities proposed for XETs in cell
walls. But we think it is necessary to have a substrate library to analyze XET specificity.
For that reason, one of the objectives of the present work is to des ign, synthesize

and evaluate a XG-like oligosaccharide librarytos  tudy donor specificity of XETs.
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9.8.- Subsite mapping.

Enzymes that bind oligomeric substrates have an extended binging site
composed of subsites. One subsite is defined as the set of amino acid residues in the
binding site that interact with one unit of the substrate.

Subsites are named using negative numbers starting from the catalytic
machinery (the scissile glycosydic bond) to the non-reducing end, and with positive
numbers starting from the scissile glycosydic bond to the reducing end*®?%. In our
case, for XET, we use roman numbering for the glucosyl backbone and each xylosyl
substitution is named with the same roman number assigned to the branched glucosyl

unit with a prime superindex (Figure 14).

-V’

+’ +HI +Ir

Glc - Glc - Glc - Glc - Glc — Glc —Glc -Glc

N ANAAA AN AL

-1V -1 -1l -1 ‘ + +I +l +V

Figure 14: Subsite numbering in a XET bound to a xy loglucan

oligosaccharide.

For XETs, only some research groups have tried to obtain information about
subsite mapping, their hypotheses and conclusion will be discussed in the following
paragraphs.

Fanutti et al. have studied qualitatively the tranglycosylation and hydrolytic activity
of a XTH from germinated nasturtium seeds with different isolated oligosaccharides
(XXXGXXXG, XXXGXXLG + isomers, XXLGXXLG + isomers, XLLGXXLG + isomers,
XLLGXLLG, GXXGXXXG and GLLGXLLG) and have proposed the substitution
requirements at different positions of the donor molecule™®°. Their conclusions are
summarized as follows:

a) At —I subsite it has been shown that a non-substitu ted Glc has to be
present .

b) GXXGXXXG underwent transglycosylation acting as donor and acceptor at the
same time, the same is observed with GLLGXLLG. Therefore xylosyl substitution
was not necessary at —IV’ subsite (when acting as d  onor) and +I subsite (when

acting as acceptor) .
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¢) With the donor GXXGG-XXGXXXG a hydrolytic cleavage of “-* glycosydic bond
to give GXXGG and XXGXXXG was observed, indicating that xylosyl substitution
at —II’ subsite was not a requirement . In contrast, no hydrolytical cleavage of
GLLGG-LLGXLLG was observed, that was proposed as a clear indication that
galactosyl-xylosyl substitution at +II prevent chain cleavage.

d) For subsites -lll, +Il and +Ill the conclusions they obtained were less clear.
Taking into account the observation of transglycosylation with GXXG as acceptor, it
could be concluded that xylosyl substitution at +II" subsite and/or +III" s ubsite are
required. They had not obtained any direct evidence on which xylosyl substitution at
+II and/or +lII subsite is required, but taking into account molecular modeling studies

which propose that XG polymer have an alternating conformation'®

(similar to the
alternative flat “cellulosic” conformation), and the substitution requirements proposed
before; Fanutti et al. hypothesized that xylosyl substitution requirement at +li

subsite seemed unlikely (because xylosyl group at +lll subsite would lie on the
same side of the backbone as non-required xylosyl groups at —IV’, -II’, and +I’
subsites), but xylosyl substitution at —Ill and +II subsites were proposed to be

required (because they would lie on the same side of the backbone) (Figure 64).

H H
H H
OH OH
0
OH OH ° OH
" y 0 OH o
H H H H Q
°© H o H o H H
0
OH H oH OH
OH OH
oH o HO
oH o OH oH
o OH o OH © OH

Figure 15: Schematic representation of structural r  equirements

71,85,

proposed by Fanutti and coworkers : In bold the glycosyl units

proposed to be essential.

In the recently published tridimensional structures of XTH gene products®2891°°,

three positives and four negative subsites are proposed to exist.
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9.9.- XTH studies in vivo.

Two main physiological roles for XTHs have been proposed by different research

3,10,40,69,106

groups: Incorporation of nascent XG in the cell walls , and XG matrix

restructuring %404,
XTH expression, function and activity in vivo have been evaluated in different

studies:

9.9.1.- XTH expression.

Protein expression was assessed in different studies using different
methodologies:

a) Cell wall extractable XET activity : different studies have correlated
extractable XET activity with growth rate and have demonstrated the presence of active
XETs in different plant extracts*"939496.107°109,

b) In vivo detection by immunolocalization : antibodies against XTHs have
been used to detect XTH expression in different cellular localizations and/or in
response to different stimuli or regulators/inductors'®*’.

¢) Northern analysis: In situ mMRNA hybridation or mRNA extraction and northern
analysis have rendered similar results as in vivo detection by
immunolocalization?®>166:69.101.110.111.

All these methods were useful to study XTH expression in different plant tissues
and/or under different conditions. Despite of the useful information that these methods
supply they are not direct proves of in vivo activity of XTHs, because maybe XTHs are
expressed but there are no substrates available, or some natural inhibitors are present,

etc.

For that reason some studies have tried to demonstrate that localized (and/or

extracted) XTHSs in plant are active in the plant tissues.
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9.9.2.- XET activity
a) Exogenous substrates

This kind of studies use endogenous or exogenous XG as donor substrate and
then, exogenous labeled XGOs are provided to studied tissues. If XETs or XETs
together with XG are present in the tissues the labeled acceptor is incorporated into
these tissues and the excess of labeled acceptor could be removed by washing.
Consequently XET action (maybe not activity) could be localized were the label was
covalently linked to not extractable material (cell wall material).

The most extensively used label for this XET activity demonstration and
localization is a fluorescent label (fluorescein, rhodamine, sulforhodamine)>*%1,
These studies render important results in active XETs localization proposing new
possible roles of XET activity. However these studies only detect XET action, they do

not directly demonstrate XET activity in vivo.

b) Pulse chases experiment

There are one study that demonstrated elegantly by pulse chase experiments
using labeled XG precursors ([**C]glucose, [“C, ?H]glucose, [**C, 'H]glucose
[*H]arabinose) that XETs have, in vivo, the previously proposed roles (incorporation of

nascent XG in the cell walls and restructuring of existing XG)*1%%2,
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OBJECTIVES.

The present work is part of an European project named E.D.E.N. (Enzyme
Discovery in hybrid aspen for fiber ENgineering), whose general objective is to identify
novel plant enzymes for deeper understanding of the process of fiber

formation/modification for future improvement of the quality parameters of wood fibers.

Within this project, the general objective of the present work is to develop
enzymatic assays to characterize a XET from Populus tremula x tremuloides and study
its substrate specificity. More concretely, the specific objectives of the present work

are:

1) To attempt expression of recombinant and active Ptt-XET16A in Escherichia

coli.

2) To design, develop, and validate an activity assay to characterize kinetically
Ptt-XET16A using low molecular weight substrates. To achieve that, it is necessary to

design and synthesize the adequate low molecular donor and acceptor substrates.

3) To characterize Ptt-XET16A Kkinetically, with the aim of determining the

dependence of activity with pH and temperature and the enzyme kinetic mechanism.
4) To design and synthesize a low molecular weigh xylogluco-oligosaccharide
library to study Ptt-XET16A donor specificity and to obtain a subsite mapping of its

binding cleft.

4) To design and synthesize FRET (fluorescence resonance energy transfer)

substrates to monitor hydrolytic and transglycosylase activities of XTHSs.
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CHAPTER 1: attempts of Ptt-XET16A expression in Escherichia
coli.

1.- Background:

The objective of this work is the study and characterization of the XET16A from
Populus tremula x tremuloides. (Ptt-XET16A). For that reason, first of all, we have
embarked the cloning of Ptt-XET16 in an E. coli expression system to obtain
recombinant protein in an easy working system. E. coli expression systems are widely
used and abundant commercial systems are available. In parallel to this work, the T.
Teeri team at KTH, an EDEN partner, was developing a Pichia pastoris expression
system.

It was known that Ptt-XET16A could be glycosylated in vivo, since a putative
glycosylation site is predicted from sequence by standard bioinformatics tools, and for
other XTH this glycosylation was demonstrated*®4"%>7988

Using a procariotic system no glycosylation could be obtained, but previously
reported results with SI-XTH10, SI-XTH11 from tomato Ad-XTH5 from kiwifruit, and
At-XTH22 from Arabidopsis expressed in E. coli, demonstrated the obtaining of non

glycosylated but active enzyme production®®®%*3

using a denaturing purification
protocol.

The Pichia pastoris expression plasmid pPIC9-XET16A (Figure 16) was
provided by KTH (EDEN partner). This plasmid contains an o-factor secretion signal
followed by the wild-type Ptt-XET16A gene under the control of the 5’-AOX1 promoter.
In the present work, two new plasmids for E. coli expression were designed:
pET15XET16A based on the pET system from Novagen, and pD62XET16A based on
the pD6-2-B-gluc******, home made plasmid for expression of 1,3-1,4-B-glucanase from

Bacillus licheniformis.
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5" AOX1 Promoter Fragment Alpha Factor Secretion Signal

Xet16A catdomain

\
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Figure 16: Representation of pPIC9-XET16A plasmid.
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2.- pPD62XET16A construct.

2.1.- pD62XET16A design and construction.

The pD6-2 plasmid was designed and obtained in our group™***

to express
1,3-1,4-B-glucanase from Bacillus licheniformis. The pD6-2 vector contains a Bacillus
licheniformis signal peptide and a promoter for constitutive expression and extracellular
secretion, which are functional in E. coli. Moderate yields of soluble and extracellular
enzyme were obtained in the group for several different mutants®******°  due to the

presence of a Bacillus signal peptide (Figure 17).

RUP

~ Signal peytide

_ beta-glucanase

jcilin " FUP
Ampi

Figure 17: Representation of pD6-2 plasmid for hete rologous

expression of 1,3-1,4- B-glucanase from Bacillus licheniformis.

The new designed construct (pD62XET16A) is based on the use of the Bacillus
signal peptide to obtain soluble and extracellular Ptt-XET16A. For that reason, the
Ptt-XET16A catalytic domain gene has to be cloned just after the signal peptide
keeping the reading frame, and before the terminator sequence of the pD6-2 plasmid.
First of all, two new restriction sites have to be added in the original pD6-2 construct, to
use them for Ptt-XET16A cloning conserving the amino acid sequence at least on the
signal peptide. New restriction sites will be introduced by two site directed mutagenesis

rounds: Pstl in the N-terminal part and BamHI in the C-terminal part.
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To introduce the Pstl restriction site in the N-terminal part of the codified enzyme
between the signal peptide and the Ptt-XET16A enzyme sequence, the design of the
primers was done conserving the amino acid sequence of the signal peptide, and

taking advantage of the first nucleotide of the Ptt-XET16A sequence (Figure 18)

Pst |
—
Prinmer 1: CCAAGTCGCCTCTGCACAAACGGCCGEGTCGITTT  —»
pD62 Thr PheAl aAl aSer Al aSer Al ad nThrd yd ySer PheTyrd u

. . ACATTTGCTGCAAGT GCCTCGGCACAAACGGCCGGGTCGTTTTATGAA. . .

. .. TGTAAACGACGT TCACGGAGCCGTGT TTGCCCGCCCAGCAAAATACTT. . .
pD62XET Thr PheAl aAl aSer Al aSer Al aAl aAl aLeuAr gLysProVal Asp

. . . ACATTTGCTGCAAGT GCCTCGGCAGCT GCCCTGAGGAAGCCAGT GGAT. . .

. TGTAAACGACGT TCACGGAGCCGT CGACGGGACTCCTTCGGTCACCTA. . .

Prinmer 2: <+— CGITCACGGAGACGT CTTTGCCCGCCCAGCAAAA
——

Figure 18: Hybridizing zone of complementary mutage  nic primers to
introduce Pstl in the peptide signal sequence zone of pD6-2. The  signal
peptide sequence is in bold, Pstl restriction site in italics and

nucleotides to be mutated are highlighted.

Site directed mutagenesis was done on the pD6-2 plasmid using the Quick
change site directed mutagenesis kit from Novagen. DH5a transformed colonies were
screened by restriction analysis in agarose gel (Figure 19).

In the agarose gel it is observed that only pD62(Pstl) from colony 1 was digested
with Pstl (lane F), obtaining the same molecular weight (4.2 Kbp) as pD6-2 linearized
with EcoRI (lane C), double digestion of pD62(Pstl) (lane G) with Pstl and EcoRI gave
a partially digested product with the two bands of non digested product, the linearized
product (4.2 Kbp), and the double digested fragment (3.6 Kbp). Taking into account
these results we could conclude that colony 1 has the correct mutation; then, Pstl
restriction site was inserted. For the colony 2 digestion was only detected using EcoRI
(lane J) but no digestion was detected using Pstl (lane 1), indicating that the obtained

plasmid is not mutated (wt plasmid (pD6-2)).
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A" BECHDSESNERGEH | J

21.2 ..1._

51,35

2.0,1.9

Figure 19: Scan of restriction analysis of pD62(  Pstl) construct, in lane

A the molecular weight marker 11l was observed; not digested pD6-2 in

lane B; pD6-2 digested with EcoRI in lane C; pD6-2 digested with  Pstl
in lane D; pD62( Pstl) colony 1 not digested in lane E; pD62( Pstl) colony
1 digested with Pstl in lane F; pD62( Pstl) colony 1 digested Pstl and
EcoRl in lane G; pD62( Pstl) colony 2 not digested in lane H; pD62( Pstl)
colony 2 digested with  Pstl in lane I; pD62( Pstl) colony 2 digested Pstl

and EcoRl in lane J.

For the C terminal part of the gene, primer design was easier because a new
restriction site could be added after the stop codon, and then amino acid changes
would not affect the final Ptt-XET16A amino acid sequence. Finally, BamHI restriction
site was chosen, because it will be a unique restriction site for pD62(Pstl/BamHI) and
it does not exist in Ptt-XET16A gene. To obtain the BamHI recognition sequence, three
nucleotides have to be mutated, but all of them are located after the stop codon (Figure
20).
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Primer 1: ACACAAAAAGATAACCGCATCCCAAAACCTGTC —»

Primer 2: <— TGIGITTTTCTATTGCCCTAGCGTTTTGGACAC

BarrHI
—

.. TACACAAAAAGATAACCACATCACAAAACCTGTGAC. . .
. ATGTGTTTTTCTATTGGTGTAGIGITTTGGACACTG. . .

——
BarrHI

Figure 20: Hybridizing zone of complementary mutage  nic primers, both
primers  contain the mutagenic nucleotides  (highligh ted).
1,3-1,4-B-glucanase sequence in bold and the stop codon is u nderlined,

the BamHI restriction site in italics.

Site directed mutagenesis on the pD62(Pstl) plasmid was done using the Quick

change site directed mutagenesis kit from Novagen, screening of transformant DH5a

colonies was done by restriction analysis on agarose gel (Figure 21).
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21.2

51,35

20,19

Figure 21: Restriction analysis of pD62( Pstl/BamH1) transformant
colonies, DNA molecular weight marker Ill is observ ed in lane A,
colonies 1-6 of pD62( Pstl/BamHI) digested with BamHlI in lanes B, C, D,
E, G, and H; pD62( Pstl) digested with BamHI in lane F; pD62( Pstl)
digested with Pstl in lane I; and pD62( Pstl) not digested | lane J.



In Figure 21 it could be observed that colonies 1, 4, 5, 6 (lanes B, E, G and H)
have the pD62(Pstl/BamHI) plasmid, because they were digested with BamHlI,
obtaining the same band obtained with linearized pD62(Pstl) (lane 1). Therefore, all
these colonies have the objective construct. In contrast, colony 3 (lane D) have wt
pD62(Pstl) plasmid, because it is not digested with BamHI showing the typical double

band of circular plasmid, comparing with circular pD62(Pstl) (lane J).

Once the double mutated plasmid pD62(Pstl/BamHI) was obtained, the next step
was cloning of Ptt-XET16A catalytic domain in the modified plasmid using the newly
introduced restriction sites. First of all, the Ptt-XET16A catalytic domain gene fragment
was amplified by PCR from pPIC9-XET16A using flanking primers. These primers were
designed to add the restriction sites Pstl and BamHI flanking the Ptt-XET16A gene
(Figure 22) necessary to clone this gene in the pD62(Pstl/BamH]I) plasmid.

Pstl
Primer 1. AACTGCAGCTGCCCTGAGGAAGCC —»
.. . GAAGCTTACGTAGCTGCCCTGAGGAAGCCA. . . . . . ATGCAAGAGAGACAGAGACATATAATACGTA. . .
... CTTCGAATGCATICGACGGGACTCCTTCGEAT. . . ... TACGTTCTCTCTGICTCTGTATATTATGCAT. . .
Priner 2: <— ACGITCTCTCTGTCTCTGTATAT TCCTAGECGC
I XET16A gene | BamHI

Figure 22: Representation of pPIC9-XET16A plasmid h  ybridation zones
for flanking primers which add necessary restrictio n sites for cloning
(Pstl & BamHI). Restriction site recognized sequences were
highlighted.

The amplified Ptt-XET16A catalytic domain and the pD62(Pstl/BamHI) plasmid
were sequentially digested with BamHI and Pstl restriction enzymes and purified by
preparative agarose gel electrophoresis. Both linearized fragments, the double
digested plasmid and the Ptt-XET16A gene, were ligated in 1:3 molar ratio using T4
ligase. DH5a cells were transformed with the ligation product and were screened for
insertion by PCR amplification of XET16A gene using FUP and RUP primers (Figure
22).
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2.0,19

15,13

0.9,0.8

0.6

Figure 23: Agarose gel of the PCR amplification pro  ducts of different
transformant colonies of ligated product pD62XET us ing FUP & RUP
primers. Molecular weight marker IIl is observed in lane A; DNA ladder
100 bp in lane B; amplification product of pD6-2 pl  asmid (1.2 kbp) in

lane C; colony 1-5 amplification products (1.4 kbp) in lanes E-H.

The agarose gel showed the correct amplification product (pD62XET16A plasmid)
in colonies 2,3 and 5 (lanes F,G and I), the initial plasmid (pD62) in colony 4 (lane H),
and no amplification in colony 1 (lane E) probably due to recircularization of the
plasmid.

Restriction analysis of colony 3 construct was done to show insertion of a new
restriction side only present in the Ptt-XET16A sequence (Stul). (Figure 24)

A slightly higher molecular weight was observed comparing pD6-2 and pD62XET
amplified fragments (lanes B, E). Double digestion of pD62XET plasmid (1.0 and 3.4
kbp fragments) was observed using Hindlll and Stul in contrast to linearization
observed in pD6-2plasmid with the same restriction enzymes, due to the presence of
Stul restriction site in the XET16A sequence. Double digestion using Hindlll and Sacl
restriction enzymes showed a slight increase in molecular weight of the short
fragments of pD62XET (lane G) comparing with pD6-2(lane D) that correlates with
gene length (XET16A longer than 1,3-1,4-B-glucanase).

For these reasons it could be concluded that colony 3 have the Ptt-XET16A

catalytic domain inserted.
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2.0,19

15,13

0.9,0.8

0.6

Figure 24: Agarose gel showing restriction analysis of final
pD62XET16A construct comparing with pD6-2 initial ¢ onstruct. DNA
molecular weight marker 11l is observed in lane A; pD6-2 linearized with
Hindlll (4.3kbp) in lane B; pD6-2 double digested with Hindlll and Stul
(4.3 kbp) in lane C; pD6-2 double digested with  Hindlll and Sacl (1.2, 3.1
kbp) in lane D; pD62XET16A linearized with  Hindlll (4.4 kbp) in lane E;
pD62XET16A double digested with  Hindlll and Stul (1.0, 3.4 kbp) in lane
F; and pD62XET16A double digested with  Hindlll and Sacl (1.3, 3.1 kbp)

in line G.

Verification of final construct obtained in colony 3 was done by sequencing

using FUP and RUP primers, as it is shown in Figure 25.
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THEO ATCATTATTTAGACCGATTTTCCATTTTGAGAGAATCATGTATGATCAAA
FUP  ATCATTATTTAGACCGATTTTCCATTTTGAGAGAATCATGTATGATCAAA

THEO AAGAAAACGCT TTCAAAAAAGAGAGGGGAATGCCTACATGTCTTACCGTG
FUP  AAGAAAACGCT TTCAAAAAAGAGAGGGGAATGCCTACATGICTTACCGTG

THEO TAAAACGAATGTI TGATGCTGCTTGICACTGGATTATTCTTAAGITTGTCC
FUP  TAAAACGAATGT TGATGCTGCTTGICACTGGATTATTCTTAAGTTTGICC

THEO ACATTTGCTGCAAGT GCCTCTGCAGCT GCCCT GAGGAAGCCAGT GGATGT
FUP  ACATTTGCTGCAAGTGCCTCTGCAGCT GCCCTGAGGAAGCCAGT GGATGT

THEO GGCGTTCGGTAGGAACTATGT TCCTACATGGCGCT TTTGACCACATTAAGT
FUP GGCGITCGGTAGGAACTATGT TCCTACATGGCECTTTTGACCACATTAAGT

THEO ACTTCAATGGAGGCAATGAGAT TCAGCT GCACT TGGATAAATACACAGGT
FUP  ACTTCAATGGAGGCAATGAGATTCAGCTGCACTTGGATAAATACACAGGT

THEO ACTGGTTTCCAATCAAAAGGT TCATACTTATTTGGCCATTTCAGTATGCA
FUP ACTGGTTTCCAATCAAAAGGTTCATACTTATTTGGCCATTTCAGTATGCA

THEO AATGAAGT TGGT TCCTGGT GACT CAGCTGGAACAGTCACTGCTTTCTATC
FUP  AATGAAGT TGGT TCCTGGT GACTCAGCTGGAACAGTCACTGCTTTCTATC

THEO TATCCTCACAAAACT CCGAGCATGACGAGATAGACTTTGAGT TCTTAGCGA
FUP TATCCTCACAAAACT CGGAGCATGACGAGATAGACTTTGAGT TCTTAGGA

THEO AACAGGACT GGCCAGCCCTACATTTTGCAGACAAATGT TTTCACAGGACG
FUP  AACAGGACTGGCCAGCCCTACATTTTGCAGACAAATGI TTTCACAGGAGG

THEO CAAGGGCGATAGAGAACAGAGGATTTACCT CTGGT TTGACCCAACCAAGG
FUP CAAGGGGGATAGAGAACAGAGGATTTACCTCTGGT TTGACCCAACCAAGG

THEO AATTCCACTACTATTCTGICCTCTGGAACATGTACATGATAGTGTTCCTC
FUP AATTCCACTACTATTCTGTCCTCTGGAACATGTACATGATAGTGITCCTC

THEO GTGGATGACGT GCCAATCAGAGT GT TCAAGAACT GCAAAGATTTGGGAGT
FUP GTGGATGACGT GCCAATCAGAGT GT TCAAGAACTGCAAAGATTTGGGAGT

THEO TAAGTTTCCATTCAACCAGCCAATGAAGATCTACTCAAGCCTATGCGAATG
FUP TAAGTTTCCATTCAACCAGCCAATGAAGATCTACTCAAGCCTATGGAATG

THEO CCGATGATTGGGCTACCAGCGEGET GGACT CCGAGAAGACAGACT GGTCCAAG
FUP CCGATGAT TGGGCT ACCAGGEEGT GGACT CGAGAAGACAGACT GGTCCAAG

THEO GCACCGT TCATTGCCT CCTACAGGAGCT TCCACATAGAT GGGT GCGAGEC
FUP GCACCGT TCATTGCCTCCTACAGGAGCT TCCACATAGATGGGT GCGAGGEC

THEO CTCCGTGGAAGCCAAGT TCTGCGCCACACAGEGT GCTAGATGGT GGGACC
FUP CTCCGTGGAAGCCAAGT TCTGCGCCACACAGGGT GCTAGATGGTGGGACC

THEO AGAAGGAGT TCCAAGATCTGGATGCCT TCCAGT ACAGGAGECTCAGCTGG
FUP AGAAGGAGT TCCAAGAT CTGGATGCCT TCCAGT ACAGGAGGCTCAGCTGG

THEO GTCCGCCAGAAATATACCATCTACAATTACTGCACTGATAGATCAAGATA
FUP GTCCGCCAGAAATATACCATCTACAATTACTGCACTGATAGATCAAGATA

THEO CCCTTCAATGCCCCCAGAAT GCCAAGAGAGACAGAGACATATAAGGATCCC
FUP CCCTTCAATGCCCCCAGAATGCAAGAGAGACAGAGACATATAAGGATCCC

Figure 25: Sequence alignment between FUP sequence of obtained
pD62XET16A gene (FUP) and theoretical pD62XET16A se quence
(THEO). In blue characters signal peptide sequence, in red characters

Ptt-XET16A catalytic domain are presented.



2.2.- Expression attempts with the pD62-XET16A cons  truct.

This part of the work was done in collaboration with other members of our
120,121

group

To express Ptt-XET16A as an extracellular and constitutively expressed
enzyme, BL21 SI E. coli cells were transformed with the expression plasmid
pD62XET16A. Different culture medium (2YT and LB) and different expression
conditions (temperatures) were used. No expression was detected in any case by
SDS-PAGE gels.

No activity was detected using a plate assay. In these plate assays, an E. coli
colony or an extract of an expression experiment was incubated at 37°C overnight with
XG and XGos. After that, the plate was stained using I, to observe a halo where XET
activity exists due to depolymerization of XG by transglycosylation to XGos. In all the
experiments, only for the positive controls using a XET expressed in Pichia pastoris,
this halo was observed.

Because of the lack of positive results, no further work with this expression

system was continued.
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3.- pET15XET16A construct.

3.1.- pET15XET16A design and construction.

The commercial available pET system is an E. coli heterologous protein
expression system based on cloning of target genes under the control of strong
bacterophage T7 transcriptional signals. Expression is induced by providing a source of
T7 RNA polymerase in the host cell. T7 RNA polymerase is so selective and active that
when fully induced, almost all of the cell’s resources are converted to target gene
expression. Another important benefit of this system is the ability to maintain target
genes transcriptionally silent in an uninduced state
(http://wolfson.huji.ac.il/purification/PDFE/Expression Systems/NovagenPETSystemMan

ual.pdf )

We selected the plasmid pET15b, because it was used before with success to
122-124

express a mammalian a-galactosyltransferase catalytic domain in our laboratory
It was decided to clone the Ptt-XET16A gene between the existing restriction sites Ndel
and BamHI. Both are unique restriction sites in the pET15b plasmid and are not found
in the Ptt-XET16A gene. The final construct will have an N terminal 6xHis tag followed

by an eight amino acid tail, before the Ptt-XET16A gene. (Figure 26).

T7 Terminetor
BamH | (6201)
XET16A
Nde | (5377) .
6x HISTag
T7 Promoter

/,Amdcillin

PET15b-XET
6522 bp

Figure 26: pET15XET16A scheme showing the cloning r  estriction sites,
promoter and termination zones, 6 x His tag, ampici llin resistance
gene, and Ptt-XET16A catalytic domain.
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The Ptt-XET16A catalytic domain was amplified by PCR from pPIC9-XET16A
using the designed flanking primers to add Ndel and BamHI restriction sites (Figure 27)

necessary to clone Ptt-XET16A gene in the pET15b plasmid.

Ndel
Primer 1:
GGAATTCCATATGGCT GCCCT GAGGAAGCC —p
... GAAGCTTACGT AIGCT GCCCTGAGGAAGCCA. . . .. . ATGCAAGAGAGACAGAGACATATAATACGTA. . .
.. . CTTOGAATGCAT[OGACGGGACTCCTTCGGT. .. . . . TACGTTCTCTCTGTCTCTGTATATTATGCAT. . .
Primer 2. <— ACGITCTCTCTGICTCTGTATATTOCTAGEOGC
I XET16A gene | BamHI

Figure 27: Representation of pPIC9-XET16A plasmid h  ybridation zones
for flanking primers which add to Ptt-XET16A gene the necessary
restriction sites for cloning ( Ndel and BamHI). Restriction enzymes

recognized sequences were highlighted.

The obtained Ptt-XET16A gene fragment and the pET15b plasmid were digested
sequentially with Ndel and BamHI restriction enzymes. Linear fragments were ligated
and ligation products were transformed in DH5a cells. Resulting colonies were
screened for correct insertion by on-colony PCR and insertion in positive colony was
verified by restriction analysis on agarose gel (Figure 28).

In this picture it could be observed the increase of size of linearized
pET15XET16A 6.5 kDa (D) comparing with linearized pET15b 5.7 kDa (B) and
confirmed by the double digestion analysis with Pstl & Stul (only present in Ptt-XET16A

gene sequence) of both plasmids (C, D respectively).
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Chapter 1. Attempts of Ptt-XET16A expression in E. coli

21.2
5.1.35

16,14

0.9

Figure 28: Scan of restriction analysis of pET15XET  16A construct, in

lane A the molecular weight marker is observed; in lane B, pET15b
linearized with Pstl (5.7 kDa); in lane C, pET15b digested with  Pstl &
Stul (5.7 kDa); in lane D, pET15XET16A construct linea rized with Pstl
(6.5 kDa), and in lane D, pET15XET16A digested with  Pstl & Stul (5.2,
1.3 kDa).

The clone showing gene insertion by restriction analysis were sequenced to

verify the final construct (Figure 29).
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GAAGT GGCGAGCCCGATCTTCCCCAT CGGT GATGT CGGCGATATAGGECGEC
CAGCAACCGCACCT GT GECGCCGGT GATGCCGECCACGAT GCGT CCGECG
TAGAGGATCGAGAT CTCGAT CCCGCGAAATTAATACGACT CACTATAGEG

GAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGITTAACTT

TAAGAAGGAGATATACCAT GGGCAGCAGCCAT CATCATCATCATCACAGC
TAAGAAGGAGATATACCAT GGGCAGCAGCCATCATCATCATCATCACAGC

AGCGECCT GGT GCCCCGCCECAGCCATAT GECT GCCCT GAGGAAGCCAGT
AGCGECCTGGET GCCGCGCGECAGCCATATGECT GCCCT GAGGAAGCCAGT

GGATGTGECGT TCGGTAGGAACTATGT TCCTACATGGECTTTTGACCACA
GGATGTGECGT TCGGTAGGAACTATGT TCCTACATGGECTTTTGACCACA

TTAAGTACT TCAATGGAGGCAATGAGATTCAGCTGCACT TGGATAAATAC
TTAAGTACTTCAATGGAGGCAATGAGATTCAGCTGCACTTGGATAAATAC
TTAAGTACTTCAATGGAGCCAATGAGATTCAGCTGCACTTGGATAAATAC

ACAGGTACTGGT TTCCAATCAAAAGGT TCATACTTATTTGGCCATTTCAG
ACAGGTACTGGT TTCCAATCAAAAGGT TCATACTTATTTGGCCATTTCAG
ACAGGTACTGGT TTCCAATCAAAAGGT TCATACTTATTTGGCCATTTCAG

TATGCAAATGAAGT TGGT TCCTGGT GACT CAGCTGGAACAGT CACTGCTT
TATGCAAATGAAGT TGGT TCCTGGTGACTCAGCTGGAACAGT CACTGCTT
TATGCAAATGAAGT TGGT TCCTGGT GACTCAGCT GGAACAGT CACTCCTT

TCTATCTATCCTCACAAAACT CGGAGCATGACGAGATAGACTTTGAGITC
TCTATCTATCCTCACAAAACT CGGAGCATGACGAGATAGACTTTGAGITC
TCTATCTATCCTCACAAAACT CGGAGCATGACGAGATAGACTTTGAGI TC

TTAGGAAACAGGACT GGCCAGCCCTACATTTTGCAGACAAATGI TTTCAC
TTAGGAAACAGGACT GGCCAGCCCTACATTTTGCAGACAAATGTTTTCAC
TTAGGAAACAGGACT GGCCAGCCCTACATTTTGCAGACAAATGTTTTCAC

AGGAGGCAAGGGCGATAGAGAACAGAGGATTTACCTCTGGT TTGACCCAA
AGGAGGCAAGGGEGEGATAGAGAACAGAGGATTTACCTCTGGT TTGACCCAA
AGGAGGCAAGGGEGEGATAGAGAACAGAGGATTTACCTCTGGT TTGACCCAA

CCAAGGAATTCCACTACTATTCTGTCCTCTGGAACATGTACATGATAGTG
CCAAGGAATTCCACTACTATTCTGTCCTCTGGAACATGTACATGATAGTI G
CCAAGGAATTCCACTACTATTCTGTCCTCTGGAACATGTACATGATAGT G

TTCCTCGT GGATGACGT GCCAATCAGAGT GTTCAAGAACTGCAAAGATTT
TTCCTCGT GGATGACGT GCCAATCAGAGT GTTCAAGAACTGCAAAGATTT

GGGAGT TAAGT TTCCATTCAACCAGCCAATGAAGATCTACTCAAGCCTAT
GGGAGTTAAGT TTCCATTCAACCAGCCAATGAAGATCTACT CAAGCCTAT

GGAATGCCGATGAT TGGEECTACCAGGGEGET GGACT CGAGAAGACAGACT GG
GGAATGCCGATGAT TGGEECTACCAGGGEGET GGACT CGAGAAGACAGACT GG

TCCAAGGCACCGT TCATTGCCTCCTACAGGAGCT TCCACATAGATGGGT G
TCCAAGGCACCGT TCATTGCCTCCTACAGGAGCT TCCACATAGATGEGT G

CGAGGCCTCCGT GGAAGCCAAGT TCTGCGCCACACAGGGT GCTAGATGGT
CGAGGCCTCCGT GGAAGCCAAGT TCTGCGCCACACAGGGT GCTAGATGGT

GGGACCAGAAGGAGT TCCAAGAT CTGGATGCCTTCCAGTACAGGAGGECTC
GGGACCAGAAGGAGT TCCAAGAT CTGGATGCCTTCCAGTACAGGAGECTC

AGCTGGGTCCCCCAGAAATATACCATCTACAATTACTGCACTGATAGATC
AGCTGGGT CCGCCAGAAATATACCATCTACAATTACTGCACTGATAGATC

AAGATACCCT TCAATGCCCCCAGAAT GCAAGAGAGACAGAGACATATAAG
AAGATACCCT TCAAT GCCCCCAGAAT GCAAGAGAGACAGAGACATATAAG

GATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGT TGECTGCTGCCAC

Figure 29: Sequence alignment between experimental sequence

obtained from terminator (term) and promoter (prom)
theoretical sequence of pET15b-XET16A (theo).

sequencing and
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3.2.- Expression attempts with pET15b-XET16A constr  uct:

In the expression experiments done with this construct, culture was induced with
1 mM IPTG at the stationary phase and incubated 4 hours for expression. Different
growing temperatures and induction temperatures were assayed. Samples were taken,
lysed by sonication and centrifuged to obtain the intracellular soluble and insoluble
fractions. All fractions were analyzed by SDS-PAGE but in all cases it was concluded
that Ptt-XET16A was expressed at very low levels, always in an inactive form and in
the intracellular insoluble fraction, probably as inclusion bodies as it was described for
other XETs*°0113,

3.3.- Purification by affinity chromatography:

Purification of His-tagged-Ptt-XET16A was attempted in different experiments,
both by standard affinity purification protocols for soluble proteins and by denaturing
purification followed by on-column refolding protocols for inclusion bodies.

We were not able to purify Ptt-XET16A neither from soluble fractions by Ni affinity
chromatography nor from insoluble inclusion bodies by Ni affinity chromatography in
denaturing conditions followed by on column refolding. This could be explained by the

extremely low expression levels, or proteolytic cleavage of His-Tag.

At the same time we are working in the E. coli expression of Ptt-XET16A, the
KTH group (EDEN partner), was attempting to express and purify this enzyme from
Pichia pastoris. They finally obtained an optimized protocol for glycosylated and active
Ptt-XET16A expression production*” and we continued our work with the glycosylated
enzyme produced in P. pastoris to kinetically characterize the Ptt-XET16A and study its

substrate specificity.
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CHAPTER 2: development of XET-activity assay.

1.- Introduction.

Since now, all enzymatic assays described to study and characterize XET
enzymes use XG polymer as donor. As it was presented in the introduction, these
assays monitor physical changes due to the resulting XG depolymerization (iodine

staining, viscosity, changes in molecular weight distribution***’

) or use labeled
xyloglucan oligosaccharides (XGOs) acceptors measuring label incorporation on XG
(by separation of labeled XG from labeled XGOs by cellulose affinity binding,
precipitation, GPC, etc.0424446-53)

XG is a poly-disperse mixture of molecules with different molecular weights.
Each molecule can experience multiple turnovers rendering complex behaviors and
preventing detailed kinetic evaluation of XET activity. Another drawback of currently
used XET enzymatic assays is that they are not able to screen small donors with
defined structure, preventing detailed analysis of substrate specificity.

Therefore, to study XET mechanism of action and evaluate small molecules as
donors, a novel enzymatic assay was needed. Encouraged by the observation that the
tetrasaccharide XXXGXXXG'*® is a donor for a XET from germinating nasturtium
seeds, we proposed a new XET enzymatic assay based on HPCE (High Performance
Capillary Electrophoresis) to kinetically study XETs using low-molecular-mass
xyloglucan oligosaccharide donors. The enzymatic assay should be versatile enough to
be used to explore new donors for XETSs.

The idea is to use a low-molecular-mass XGO as donor and labeled low-
molecular-weight XGO as acceptor as presented in Scheme 1, and monitor the

formation of a labeled transglycosylation product.

XET
XGO(n) + XGO(p)-label ——» XGO(N-m)-XGO(p)-label + XGO(mM)

donor acceptor labelled product subproduct

Scheme 1: Schematic representation of the proposed XET reaction to
be analyzed by HPCE.
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This method is based on similar assays developed for Leloir glycosyl transferases
which use a labeled acceptor bearing a charged chromophore'?****%’_ In previous
studies on XETSs, it has been demonstrated that the non reducing end of the acceptor
could be modified without a drastic effect on activity*>>3649-98191 ‘Molecules as big as

53,99,101

2-aminopyridine®, sulphorhodamine , and fluorescein®® have been extensively

used to produce labeled acceptors for XETs.

We proposed different structures as putative donors and acceptors for
Ptt-XET16A which will be analyzed in the following chapters:
Donors:
a) Xyloglucan polymer.
b) B-fluorides of xyloglucan oligosaccharides.
¢) Xylogluco-oligosaccharides.
Acceptors:
a) Labeled xyloglucan oligosaccharide mixtures (XXXG-label, XXLG-
label, XLXG-label and XLLG-label).
b) Isolated XXXG-label.

HPCE allows separation of charged analytes through a capillary by application of
a voltage difference between both ends of the capillary, due to their different

electrophoretic mobilities'?**°

. Then, for carbohydrates that normally do not have
charge, it is necessary to derivatize them with a molecule that give charge to the
carbohydrate to allow electrophoretic separation and at the same time it should be a
chromophore or a fluorophore to allow detection™®**'. We have chosen ANTS
(8-aminonaphtalene-1,3,6-trisulfonic acid) as label because of its extensive use for

sugar labeling in HPCE analysis™®*'®,
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2.- HPCE method development: separation of XGOSANTS &),
2.1.- Synthesis of XGOs-ANTS.

2.1.1.- Synthesis of XGOs.

The XGOs mixture was obtained by fractioning the crude obtained by cellulase
digestion of XG from Tamarind seeds (Scheme 2) using gel filtration chromatography
to remove the enzyme and other XG oligomers as it was previously described by
several authors*"+9134141 1 this work XGOs were recovered with an overall yield of
73%.

a) Cellulase (T. reesei)
XG » XXXG + XXLG + XLXG + XXXG

b) Gelfiltration chrom.

Scheme 2: Synthetic pathway to obtain XGOs mixture, based on the
structure of tamarind seeds xyloglucan, the XGOs fr  action obtained is
a mixture of XXXG (10), XXLG (11), XLXG (12) and XL LG (13).

2.1.2.- XGOs ANTS-labeling.

The XGOs fraction obtained above was ANTS labeled by reductive amination
(Scheme 3) using ANTS in AcOH/water and NaCNBH; in THF. The resulting crude
mixture was purified from non labeled XGOs and from the excess of ANTS by gel
filtration chromatography. The major problem of this synthesis was the difficulty to
completely separate the labeled acceptors from the huge excess of ANTS. Finally, a
partially purified mixture of XXXG-ANTS, (XXLG-ANTS, XLXG-ANTS) and XLLG-ANTS
(XGOs-ANTS) (1:6:6 molar ratio) (Figure 30) was recovered with approximately 8%
yield from XG.

1 This part of the Ph.D. is included in the article published in the Biochemical Journal with the title Kinetic analysis with
low molecular mass xyloglucan oligosaccharides defi nes the catalytic mechanism of a  Populus Xyloglucan
Endotransglycosylase , by Marc Saura-Valls, Régis Fauré, Sergi Ragas, Kathleen Piens, Harry Brumer, Tuula T. Teeri,
Sylvain Cottaz, Hugues Driguez, and Antoni Planas™®.
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ANTS / NaCNBH;,
ACOH / H,0 / THF
XXXG + XXLG + XLXG + XLLG C—> XXXGANTS + XXLGANTS + XLXGANTS + XLLGANTS

Scheme 3: ANTS labeling of XGOs mixture.
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Figure 30: Electropherogram of partially purified m ixture of XXXGANTS
(25), XXLGANTS (26), XLXGANTS(27)) and XLLGANTS (2 8).

2.2.- HPCE conditions.

Electrophoretic conditions were optimized with the previously described mixture
of ANTS-labeled xyloglucan oligosaccharides (XGOs-ANTS). The mixture was
analyzed under different electrophoretic conditions to evaluate analysis time,
resolution, and efficacy using a fused silica 72 cm effective length capillary with 50 um
internal diameter, with an extended light path bubble (150 pm) in the detection
window'. Previous studies with ANTS-labeled low molecular mass linear
oligosaccharides showed that low resolution is attained when using basic buffers and
direct electroosmotic flow (EOF)'#. Electrophoretic methods using acidic buffers with
suppressed and inverted EOF were then assayed. Suppressed EOF conditions were
obtained with sodium phosphate buffer at pH 2.5, but inverted EOF conditions,
generated with triethylamine (TEA) as EOF modifier, gave shorter analysis time (Figure
31) and were chosen for further method optimization. TEA is able to neutralize capillary
superficial charge or form a double layer, thus inverts the sign of the exposed charge

on the capillary surface.
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Figure 31: Electropherograms for suppressed (solid line) and inverted

EOF (dashed Iline) conditions of XGOs-ANTS (XXXGANTS +
(XXLGANTS and XLXGANTS) + XLLGANTS)

Migration times increased with increasing concentration of the phosphate-TEA
buffer (25, 50, and 100 mM, pH 2.5) (Figure 32), efficacy increased with higher buffer

concentrations, but resolution was optimal at 50 mM buffer (Table 2).

100
75 1
25 mM 100 mM
. 50 mM
-} |
p 50
25 1
P NN
5 75 10,0 12,5 15
Time (min)

Figure 32: Electropherograms at different buffer co ncentrations (25, 50,
100 mM).
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Concentration (mM) pH

25 50 100 2.0 2.5 3.0
tm (Min) 9.6 10.2 11.2 10.1 10.2 10.7
resolution® 5.88 6.39 2,71 23.13 6.40 451
efficacy? 211762 309408 392690 185418 309407 233824

Table 2: Migration times (t ) for XXXG-ANTS peak, resolution (RS)

between XXXG-ANTS and XXLG-ANTS peaks and efficacy  (N) for
XXXG-ANTS peak at pH 2.5 different phosphate-TEA co ncentrations
(25, 50 and 100 mM) and different pH values for 50 mM buffer.

! Equation 1: 2 Equation 2
Resolution(Rs) = 1180~ M . 2
W%(Z)_W%(l) Efficacy(N) = 554 —
"

where 1 and 2 the peaks

. where t,, is the migration
corresponding to compounds
XXXG-ANTS and XXLG-ANTS,

respectively, t, is the migration

time, and wy, is the peak
width for compound XXXG-

time, and wy, is the peak width. ANTS.

At 50 mM buffer concentration, as the pH of the buffer increased (2.0, 2.5, and
3.0), migration times increased (Figure 33), resolution decreased, but efficacy resulted

optimal at pH 2.5 (Table 2).
Therefore, 50 mM phosphoric acid, adjusted to pH 2.5 with TEA, was selected for

all further analyses.
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Figure 33: Electropherograms at different buffer pH (2, 2.5, 3).

The XGOs-ANTS mixture was analyzed at three different voltages (-30, -20, and
-10 kV). Electropherograms are shown in Figure 34. A large increase in migration times

is observed as voltage is reduced.

500 |
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Figure 34: Electropherograms of XGOs-ANTS at -30, - 20 and -10 kV

applied voltage.

Measured current intensities follow a linear relationship with the applied voltage
(V=I-R) (Figure 35), meaning that heat generation by Joule effect is negligible, which
otherwise would result in a lost of resolution'*®. Therefore, -30 kV was selected as the

working voltage to maintain short analysis time.
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Figure 35: Resulting intensities at different appli ed electrophoretic

voltages, showing a linear relationship between the m.

The optimal amount of sample loaded into the capillary was evaluated by varying
the injection time (from 3 to 15 s) during hydrodynamic injection. An injection time of 6
s at 40 mbar pressure was chosen as a compromise between low detection limit and

reduced resolution at longer injection times (Figure 36).
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Injection times
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Figure 36: Electropherograms obtained by different hydrodynamic

injection times (from 3 to 15 s) at 40 mbar.
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In conclusion, HPCE analyses of ANTS-labeled oligosaccharides are performed
on a Hewlett-Packard HP®® CE G1600 AX system equipped with a diode array UV-Vis
detector. The capillary (72 cm effective length, 50 um internal diameter, fused silica
with an extended light path bubble (150 um) in the detection window) was pretreated or
regenerated with 0.1 M NaOH, H,O milliQ, and running buffer (for 30, 10, and 10 min
respectively). Samples were loaded into the capillary under hydrodynamic injection
mode at 40 mbar pressure during 6 s. The conditioning between injections consisted of
a 5 min equilibration step with running buffer. Running buffer was 50 mM phosphoric
buffer adjusted at pH 2.5 with triethylamine (TEA) as EOF modifier obtaining an
inverted EOF method. Electrophoresis was performed at -30 kV and constant
temperature of 30°C. The detector was a UV/Vis diode array and the
electropherograms were recorded at 214 nm (20 nm slit), 224 nm (20 nm slit) and 270

nm (20 nm slit), but only record at 224 nm was used.
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3.- Monitoring XET activity: Xyloglucan as donoran d
XGOs-ANTS as acceptor @.

To demonstrate that the developed HPCE method is adequate to monitor XET
reactions, Ptt-XET16A catalyzed transglycosylation between polymeric XG as donor
and the mixture of XGOs-ANTS as acceptor was monitored (Figure 37). Several peak
clusters were observed in the electropherograms, corresponding to dimmers, trimmers,
tetramers, etc. They result from transfer of the basic units of XG polymer (XXXG,
XXLG, XLXG, and XLLG) (Figure 38), all generated after extensive depolymerization of
the XG donor, to the XGO-ANTS acceptors.

20

Product concentration (mM)

Time (h)
Figure 37: Evolution of different transglycosylatio n products formed

during Ptt-XET16A catalyzed reaction between XG and XGOs-ANTS.
Dimmers concentration ( O), trimmers concentration ( ©O), tetramers

concentration ( A), pentamers concentration ( 3¥ hexamers

concentration ( O

Theoretically, 16 different dimmers (4 donors x 4 acceptors) can be produced,
with 5 uniqgue molecular masses. Indeed, exactly 5 peaks are precisely detected in the
dimmer cluster of the electropherogram (Figure 38, inset). This demonstrates that
XGOs-ANTS are good acceptors indicating that the acidic tag does not prevent binding
to the acceptor subsites of the enzyme and that the HPCE method has enough

resolution to monitor XET activity.

This part of the Ph.D. is included in the article published in the Biochemical Journal with the title Kinetic analysis with
low molecular mass xyloglucan oligosaccharides defi nes the catalytic mechanism of a  Populus Xyloglucan

Endotransglycosylase , by Marc Saura-Valls, Régis Fauré, Sergi Ragas, Kathleen Piens, Harry Brumer, Tuula T. Teeri,
Sylvain Cottaz, Hugues Driguez, and Antoni Planas™®.
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Figure  38: Electropherogram of the Ptt-XET16A-catalyzed
transglycosylation using XG-polymer as donor and a mixture of XGOs-
ANTS as acceptor substrates, after 48 h reaction. |  nset: Magnification

of the dimmers region in which five peaks are resol ved.

However, the polydisperse nature of the donor xyloglucan, together with the
multiple catalytic events occurring before end products are obtained, limits this
experimental design for enzymological studies of XET action. For that reason it is
necessary to find low molecular-mass donors to study Ptt-XET16A using this HPCE

method.
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4 .- Search of a minimal donor for Ptt-XET16A.

4.1.- Hypothesis 1: B-xylogluco-oligosaccharidyl fluorides as
donors.

B-glycosyl fluorides are common glycosyl donors in transglycosylation reactions
catalyzed by retaining B-glycosidases using kinetically controlled conditions’’%%4414%,
In the same way, we have proposed that B-glycosyl fluorides can act as donors for
XETs, in this case the fluoride atom mimics the donor fragment liberated in the first part

of the reaction (leaving group) (Scheme 4).

:EO HO/NKO
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on " OH
---XXXGXXX\O Qo 0~ XXGXXXG: ---XXXGXXX\O&
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Scheme 4: Comparative scheme for proposed XET catal yzed

transglycosylation using XG oligosaccharides or B-
xyloglucoligosaccharidyl fluorides as donors. XET c¢ atalytic residues

are shown.

Three putative XET B-fluoride donors were proposed GGBF(1), XGBF(2) and
XXXGBF(14).
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4.1.1.- Synthesis of GGBF(1), XGBF(2), and XXXGRBF(14).

Once different low molecular weigh B-oligosaccharidyl fluorides as putative XET
donors were proposed, we have embarked their synthesis. Initially three different
fluorides were synthesized: GGBF (1), XGBF(2), and XXXGBF(14) presented in the

following figure.

HO

o H
O
OH OH oH
1 oH 2 OH ol 14
OH OH

Figure 39: B-fluorides proposed as potential new donors for XET S.

OH o OH OH oH OH
HO, HO.
HO. o F e ¢} o o H F
O

a) Synthesis of GG BF(1).

GGBF (1) was synthesized starting from cellobiose octaacetate (3) by traditional
chemical approaches. First of all, per-O-acetylated cellobiose was activated as the
anomeric a-bromide (4), which was substituted by a B-fluoride using AgF in freshly
dried acetonitrile with an overall yield of 80% after purification. Finally deprotection by

Zemplén transesterification afforded 1 (Scheme 5).

OAc

oAc OAC MeOH / OH
OAc o HBr/ OAc o AdF/ PAC o  MeoNa o o
AcO o ACOH  AcO ACN  AcO foes H
Ac 4 AcO. OAc —— » AcO. o AcO — » AcO. o AcO F 2~ » HO. o M F
AcO AcO AcO HO'
AcO 3 Ac Br c 5 H 1

4 A

Scheme 5: Synthesis of [B-cellobiosyl fluoride (1).

The last step, deprotection, was the most sensitive step of this synthesis. In
previous studies in our group it has been shown that best deprotection results were
obtained using Zemplén transesterification at 0 °C'%. The deprotection step has to be
done immediately before use, because deprotected B-fluorides are rather unstable.

Protected B-cellobiosyl fluoride (5) was characterized by 'H and *C NMR,
observing the characteristic signal at 5.36 ppm (dd) with a F-H geminal coupling
constant of 52.8 Hz corresponding to the anomeric proton on the same carbon that has
the fluoride (GlIc') and a coupling constant of 5.7 Hz assignable to H-1 to H-2 axial-axial

coupling, demonstrating the § configuration of the fluoride.
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b) Synthesis of XG BF(6).

Per-O-acetylated XGBF (6) was synthesized by Régis Fauré at CERMAV-
CNRS (EDEN partner)**® using a concurrent synthetic pathway in which the key step
was the glycosylation between activated o-xylosyl donor (7) and 4"6"-dihydroxil
protected cellobiose acceptor (8) to obtain de XG structure (Scheme 6). The per-O-
acetylated XGBF (6) was deprotected prior to use by Zemplén transesterification at

0°C, again this was a key step due to the instability of B-fluoryl-glysosides.

AcO

7 steps (55%)
HO Q — BnO Qo
HMOH — Bngm/s%
HO 4 steps (33%) BnO

NIS-TMSOTf BnO
BnO o Et,O/CH,Cl, BnO
B
BnO . ”WBHO N
OBn
OBn

AcO l 5 steps
ACOW\AC&/ 22%
OAc 6
OAc

Scheme 6: Summarized synthetic pathway to obtain XG  BF (6).

c) Synthesis of XXXG BF(14):

The XXXGBF substrate (14) (Figure 39) was synthesized starting from XG
polymer by digestion with a Trichoderma reesei cellulase (Scheme 7). The resulting
product was freeze-dried and degalactosylated by the action of B-galactosidase from
Aspergilus niger. Product was freeze-dried again, per-O-acetylated and purified to
obtain per-O-acetylated XXXG (15) with an overall yield of 40%. This product was
characterized by NMR: *H-NMR showed two doublets at 6.21 (J;,= 3.6 Hz) and 5.67
ppm (J1,=8,4 Hz) corresponding to Glcl® ™ P anomeric protons, **C-NMR showed
between 170.2 and 168.3 signals corresponding to CO of acetyl groups, between 100.3

L1,V

and 99.9 ppm signals of anomeric carbons of Glc , at 96.8-95.7 anomeric carbons

of XyI"""V at 91.0 and 88.6 ppm anomeric carbons of Glcl® ™ respectively.

70



Functionalization of per-O-acetylated XXXG (15) at the anomeric position was
done using the same synthetic pathway presented for GGBF (Scheme 5). The pure
protected B-fluoride 17 was obtained in 38 % yield but also some additional unpurified
XXXGBF (17) was recovered.

Per-O-acetylated XXXGBF (17) was characterized by mass spectrometry,
obtaining a molecular mass [M-3H]* of 475.442, theoretical 475,425; by *H-NMR, and
3C-NMR. The dd signal at 5.41 ppm with a 53.2 Hz geminal H-F coupling constant in
the *H spectra demonstrate the presence of a fluoride in the anomeric position. The B-
fluoride configuration was demonstrated by the typical axial-axial coupling constant (5.0
Hz) between H-1' and H-2'. Relative integral values in the *H spectra and signals in the
13C spectra match with the expected signals for per-O-acetylated XXXGpBF.

Like for other B-oligosaccharidyl fluorides, deprotection was done by Zemplén
transesterification at 0°C immediately before use. Purity of the deprotected B-glycosyl
fluoride was verified by '"H-NMR.

Cellase )
(Trichoderma reseei) Galactosidase

XG XGo's XXXG —=22 o (XXXG)ac

ACONH,20mM pH 45 ACONH,20mM pH5

Q Q
AcO AcO
AcON=T AcO
C
0A oA ) I
HBI/HACO:CH,Cl
s ~ S As0 Q r138 N ACO
Ad o s o d Ac Ad d o
o o OAc
OA OAc oA
OAC OAc 16

AgF / AcN
Q Q

OAc

HO AcO

HO AcO
Ho 1

OAcC OH OAc

H o Q9 o Bro o MeONa / MeOH
¥
HO d = Ow H P A5 d R
HO
o o
o OH OH OH OA OA
OH OH OAC OAc

Scheme 7: Synthetic pathway to obtain XXXG BF(14) starting from XG

polymer.
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4.1.2.- Evaluation of B-glycosyl fluorides as donors of Ptt-XET16A.

All synthesized B-glycosyl fluorides (GGBF (1), XGBF (2), XXXGBF (14)) were
evaluated as putative new Ptt-XET16A donors using the developed HPCE assay
presented in this chapter (p. 59) at 1 mM donor and 5 mM XGOsSANTS, pH 5.5, 30°C
and 3.2 yM enzyme. Reactions were monitored taking aliquots at different time points,
diluting them 1:2 with ManANTS internal standard, quenching reactions by heating at
100 °C during 10 minutes, and analyzing them by HPCE. In Figure 40,
electropherograms of reaction crudes after 45 h of reaction are presented. In all cases

no new tranglycosylation products appeared indicating that XGOsBF are not donors .
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Figure 40: Electropherograms obtained after 45 hre  action, showing (A)
example of control reaction without Ptt-XET16A, equivalent for all
reactions; (B) GG BF(1) + XGOsANTS Ptt-XET16A reaction, (C) XG BF(2)
+ XGOsSANTS Ptt-XET16A reaction, (D) XXXG BF(14) + XGOsSANTS
Ptt-XET16A reaction.
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Another enzymatic assay based on fluoride release was used to evaluate
XXXGBF (14) as putative donor for Ptt-XET16A. Fluoride release was monitored using
a fluoride selective electrode (FSE) which monitors total fluoride release arising from
spontaneous hydrolysis, enzymatic hydrolysis or transglycosylation of XXXGBF (14).
For that reason, some control reactions must be done.

Spontaneous hydrolysis was measured with a reaction mixture containing only
buffer and 14. Enzymatic plus spontaneous hydrolysis was measured with a reaction
mixture containing Ptt-XET16A, buffer and 14 in the absence of acceptor. Finally,
enzymatic transglycosylation plus hydrolysis was monitored with a reaction mixture
containing enzyme, buffer, XXXGBF (14) and XGOs. Initial rates for all these reactions
were measured by FSE obtaining equivalent values for all of them as it is shown in
Table 3. It indicates that there is no enzymatic catalysis and only spontaneous
hydrolysis of XXXGBF (14) was observed.

Assay [XXXGBF] | [XGOs] | PU-XET16A | Viuoride release)
(mM) (mM) (HM) (mM/h)
Spontaneous hydrolysis 1 0 0 0.162
Control XGOs 1 5 0 0.168
Enzymatic hydrolysis 1 0 3.2 0.160
Enzymatic transglycosylation 1 5 3.2 0.162

Table 3: Fluoride release initial rates of in diffe  rent reaction:
Spontaneous hydrolysis of XXXG BF(14), control of XGOs mixtures
hydrolytical activity, Ptt-XET16A hydrolytical activity, and  Ptt-XET16A

transglycosylase activity.

Negative results obtained using different enzymatic assays with all proposed
xylogluco-oligosaccharyl fluorides (GGBF (1), XGBF (2) and XXXGBF (14)) could be
interpreted in different ways: For GGBF and XGpF it is possible that the structural
requirements for an oligosaccharide to act as donor are not accomplished; they are too
small considering that XXXGXXXG and GXXGXXXG are the smallest donors reported
for XETs"*®* up to now.

On the other hand XXXGBF (14) has the minimal XG-like structure which should
bind negative subsites in XETs, as when using XXXGXXXG and GXXGXXXG as
donors. Therefore, when comparing donors XXXGXXXG and our XXXGF, it is

expected that the later occupies only negative subsites of the enzyme and the fluoride
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atom is located in subsite +1, whereas XXXGXXXG occupies all positive and negative
subsites®”.

We can hypothesize that maybe at least some glycosyl units should be present in
subsite +l or other positive subsites to make the enzyme active. It is possible that this
glycosyl unit at +I has some role in the positioning of catalytic residues. With this
working hypothesis, we have proposed a new serie of putative glycosyl donors, which

should present at least one glucose unit at the predicted +I subsite.

4.2.- Hypothesis 2: XGOs with at least one glucosyl unit at the
positive subsites.

A new group of xylogluco-oligosaccharides as putative donors for XETs were
designed with the condition to have at least a glycosyl group at predicted +I subsite(s)
(Figure 41). Taking into account that XET cut the glycosydic bond of a non branched
glucosyl unit some of these substrates have different proposed +| subsites which can
be occupied with a non branched Glc unit or a a-Xyl-(1—6)-p-Glc unit, note that
glycosyl units proposed to be located at +| subsite are underlined (they are located at

the reducing end site of a non-branched glucosyl unit).

XG-GG (18)

%
XGXG-GG (19) ) ﬁ& @7}% W

XGXGXG-GG (20)

XXXG-GG (21) % M

XXXG-XXXG-GG (22)

HO HO!
HO. HO.

H% Hﬁﬂ
XXXG-XXXG (23) )
XXXG-XXXG-XXXG % % ﬁ ﬁ W
(24) &4 : w

Figure 41: Structure of second group of putative gl ycosyl donors for
Ptt-XET16A, in bold and underlined the glycosyl unit or units proposed

to be located in the +l subsite.
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These substrates were designed in our consortium (EDEN project) and they were
synthesized by Régis Fauré at CERMAV-CNRS in Grenoble using the glycosynthase
technology .

Glycosynthases are engineered retaining glycosyl hydrolases genetically modified
by substitution of the catalytic nucleophile by a non acidic amino acid residue that
cannot establish a glycosyl-enzyme intermediate, and therefore are hydrolytically
inactive enzymes. However, these mutated enzymes can catalyze the transfer of a
sugar moiety from an a-glycosyl fluoride (which effectively mimics the glycosyl-enzyme

intermediate) to various acceptors (Scheme 8)*"*.

Glycosyl hydrolase

O (o] : [e] O/KO HO/KO
O;/:O OM:E o} o\fo

Glycosyl-enzyme intermediate

Glycosynthase

a + e

Ro% — wv\» - v&v&R
CHs

Activated o—glycosyl fluoride
Mimicking Glycosyl-enzyme intermediate

Scheme 8: Comparative scheme of glycosyl hydrolase and
glycosynthase catalysed reactions. Note the structu ral mimicking of
glycosyl-hydrolase intermediate by the a-glycosyl fluoride in

glycosynthases.

Since the appearance of this technology different authors have studied different
nucleophile-less glycosyl hydrolases to evaluate them as novel “glycosynthases”. It has
been demonstrated that not all nucleophile-less glycosyl hydrolases become
glycosynthases, but several glycosynthases endo and exo type have been described
presenting different substrate specificities and different stereo-specificities****®. It has
been previously demonstrated that 6"-substituted a-cellobiosy! fluorides are efficient
substrates for coupling reactions catalyzed by the Cel7B E197A glycosynthase from

149

Humicola insolens™, this finding makes Cel7B E197A glycosynthase a good candidate

for XG related structure synthesis.
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4.2.1.- (XG),GG synthesis.

The (XG),GG (n=1,2,3) family was obtained by glycosynthase coupling between
XGaF (2) and GG using the E197A Cel7B from Humicola insolens, using 1:5 ratio
o-fluoride donor:acceptor (Scheme 9)™°.

E197A Cel7B
H. insolens
XGaF + GG —» XGGG + XGXGGG + XGXGXGGG + XGXGXGXGGG
26 % 24 % 18 % 12 %
18 19 20

Scheme 9: Glycosynthase coupling reaction to obtain (XG),GG family

of putative donors for XETSs.

4.2.2.- (XXXG), and (XXXG),GG synthesis.

Other families of putative donors (XXXG), and (XXXG),GG (nh=1,2) were obtained
by glycosynthase coupling between XXXGaF (14) and GG using again the E197A

Cel7B from Humicola insolens, using 1.5 ratio a-fluoride donor:acceptor
(Scheme 10)*.

E197A Cel7B
H. insolens
XXXGaF + GG ——————p XXXGXXXG + (XXXG),XXXG + XXXGGG + (XXXG),GG
14 <10 % <10 % 10 % <10 %

23 24 47 22

Scheme 10: Glycosynthase coupling reaction to obtai n (XXXG),GG and
(XXXG), families of putative donors for XETs.

4.2.3.- Evaluation of (XG),GG and (XXXG),(GG)n, as putative donors
for Ptt-XET16A.

These putative donors (XGGG (18), XGXGGG (19), XGXGXGGG (20), XXXGGG
(47), XXXGXXXG (23) and XXXGXXXGXXXG (24)) were screened as substrates for
Ptt-XET16A using the developed HPCE method at 1 mM donor and approx. 5 mM
XGOs-ANTS, and 3.2 uM Ptt-XET16A. Reactions were monitored by taking aliquots of

the reaction mixtures at different time points, diluting them 1:2 with ManANTS internal
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Chapter 2: Development of a XET-activity assay

standard, stopping reaction by heating for 10 minutes at 100°C, and analyzing them by
HPCE. Electropherograms obtained after 21 h reaction were presented in Figure 42.
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Figure 42: Electropherograms obtained after 21 hour s reaction of
XGGG (18), XGXGGG (19), XGXGXGGG (20) at 1 mM and 5 mM
XGOsANTS. Blank reaction (A). Electropherograms res ulting from
reaction of XXXGGG (47) (B), XXXGXXXG (23) (C), XXX GXXXGGG (22)
(D), XXXGXXXGXXXG (24) (E)
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These electropherograms (Figure 42) showed no reaction for XGGG (18),
XGXGGG (19), XGXGXGGG (20). In contrast, for XXXGGG (47) a moderate reactivity
was detected, and for XXXGXXXGGG (22), XXXGXXXG (23) and XXXGXXXGXXXG
(24) transglycosylation products were detected. Identification of reaction products will

be discussed in chapter 4 (p. 124).

These results have demonstrated that low molecular weight substrates are
substrates for Ptt-XET16A. Similar results were shown by Fanutti et al.”>® for
XXXGXXXG (23) and GXXGXXXG (53) with a xyloglucan endotranglycosylase /
hydrolase from germinating nasturtium seeds, although there are other studies that
seemed to indicate that this enzymes s do not tolerate substrates as small as
XXXGXXXG (23)%%4,

With our results, we have found the smallest donor for XETs ever described
XXXGGG (47), although its reactivity compared to XXXGXXXG (23) seems to be very

low.

It was also observed that the use of a mixture of XGOs-ANTS increases
complexity of electropherograms, moreover when different transglycosylation events
occurred. For example, in Figure 42 C, it can be observed formation of different
dimmers due to the mixture of XGOSANTS containing (XXXG-ANTS (25), XXLG-ANTS
(26), XLXG-ANTS (27) and XLLG-ANTS (28)) and also different clusters of labeled
transglycosylation products (apart from these dimmers). This could indicate
polymerization events which will increase difficulties on electropherogram
interpretation, for that reason it is preferably to use a single acceptor instead of an
acceptor mixture. These experiments showed that a single labeled acceptor should be

desirable for XET kinetic studies.
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5.- HPCE assay for kinetic characterization of ~ Ptt-XET16A®):

To kinetically characterize Ptt-XET16A we decided to use a low molecular mass
xyloglucan oligosaccharide as glycosyl donor and a labeled heptasaccharide as
acceptor obtained by reductive amination with 8-aminonaphtalene-1,3,6-trisulfonic acid
(XXXG-ANTS (25)). Once we have demonstrated the need of occupying acceptor
subsites with saccharidic units, XXXGXXXG(23) has been chosen as a good substrate
with small and defined structure to characterize this enzyme (Ptt-XET16A). Even
though the compound XXXGGG (47) has been found to be the minimal donor for
Ptt-XET16A, it is a poor substrate compared with the chosen donor XXXGXXXG (23).

Under initial rate assay conditions, Ptt-XET16A is expected to catalyze a single
transglycosylation reaction to form the Ilabeled product XXXGXXXGANTS
(Scheme 11):

XET
XXXG-XXXG + XXXG-ANTS —> XXXG-XXXG-ANTS + XXXG

23 25 31 10

Y'Y

Scheme 11: Scheme of transglycosylation reaction be  tween the
tetradecasaccharide donor 23 and the heptasaccharid e labeled

acceptor 25 showing the proposed transglycosylation products.

5.1.- XXXGXXXG (23) synthesis.

The tetradecasaccharide donor 23 was synthesized in preparative scale by Régis
Fauré at CERMAV-CNRS (EDEN partner) using two strategies.
a) Controlled hydrolysis of XG polymer.

b) Glycosynthase catalyzed coupling.

3

This part of the Ph.D. is included in the article published in the Biochemical Journal with the title Kinetic analysis
with low molecular mass xyloglucan oligosaccharides defines the catalytic mechanism of a Populus
Xyloglucan Endotransglycosylase , by Marc Saura-Valls, Régis Fauré, Sergi Ragas, Kathleen Piens, Harry Brumer,

Tuula T. Teeri, Sylvain Cottaz, Hugues Driguez, and Antoni Planas™®.
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In the first method (Scheme 12), tamarind seed XG-polymer was incubated with
cellulase from Trichoderma reesei as essentially described by Fanutti’, but in such a
way that the preparation of mixed monomers (hepta-, octa-, and nonasaccharides) and
mixed dimmers (tetradeca-, pentadeca-, hexadeca-, heptadeca-, and
octodecasaccharides) was optimized. After de-galactosylation using B-galactosidase
from Aspergillus niger and purification on silica gel chromatography, penta- (30), hepta-
(10), dodeca- (29) and tetradecasaccharides (23) were obtained in 14, 23, 7 and 20%
yield, respectively, and characterized by MS, 'H- and *C-NMR. For further
characterization of compounds 29 and 23 their reducing ends were coupled with 4-
aminobenzoic acid ethyl ester (ABEE) by reductive amination using the sodium
cyanoborohydride (NaBHsCN) procedure, and these derivatives were analyzed by
LC/MS™®®.

a) cellulase
XG-polymer > XXG + XXXG + XXGXXXG + XXXGXXXG

b) B-galactosidase 30 10 29 23

(14%)  (23%) (7%) (20%)

Scheme 12: Reaction of depolymerization and degalac tosidation of

xyloglucan polymer to obtain the tetradecasaccharid e 23.

Because preparation of pure tetradecasaccharide (XXXGXXXG (23)) by
controlled enzymatic hydrolysis of xyloglucan is tedious, requiring precise control of
reaction parameters and long purification steps, a procedure using glycosynthase
technology has been developed. This method was based on full enzymatic degradation
of XG-polymer down to its repetitive units, chemical activation of the anomeric reducing
end, and glycosynthase-catalyzed condensation (Scheme 13).

Tamarind seed XG was first incubated with pure recombinant xyloglucan-specific
endo-B-(1—4)-glucanase from Aspergillus aculeatus™’ until TLC analysis showed only
three major spots (XXXG, XXLG, XLLG), then B-galactosidase from A. niger was
added to the reaction mixture to hydrolyze all the galactose groups obtaining XXXG as
main product.

At this stage, the products of the reaction were acetylated and purified by flash
chromatography on silica gel. Acetylated XXG (32) and XXXG (15) were isolated in 14
and 56% vyield, respectively. Compound 32 was formed by contaminant enzymatic

activities found in the commercially available B-galactosidase™®.
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j) Cel7B E197A glycosynthase, 40°C, 12h

Scheme 13: Scheme of the synthesis of the activated donor XXXG aF
and posterior coupling of this donor and the heptas accharide acceptor
10 to obtain the tetradecasaccharide 23 objective, by glycosynthase

catalysed coupling.

Coupling of two XXXG units to produce the target tetradecasaccharide (23) was
achieved using the glycosynthase technology by condensation of the corresponding
xyloglucan oligosaccharyl a-fluoride 36 with the heptasaccharide 10.

The a-fluoride donor 36 for glycosynthase catalyzed synthesis of XXXGXXXG
(23) was obtained as follows Scheme 13: standard hydrazine acetate treatment of
acetylated XXXG (15) led to selective de-O-acetylation of the anomeric position in 84%
yield. Compound 34 was then subjected to DAST treatment to yield an anomeric
mixture of fluorides 35. Anomerization with commercially available HF/pyridine reagent
gave the pure a-fluoride 33, which was isolated in 68% yield over the two steps.
Catalytic de-O-acetylation gave the donor 36 in quantitative yield. The enzymatic
condensation catalyzed by Cel7B E197A mutant was conducted by coupling 36 and 10
using previously described conditions’*®. The dimmer XXXGXXXG (23) and the
trimmer XXXGXXXGXXXG (24) were isolated in 63 and 35% vyield, respectively. The
calculated overall yield from xyloglucan, 20%, is similar to that obtained by enzymatic

hydrolysis, but glycosynthase procedure is more reproducible and readily scalable.
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5.2.- XXXG-ANTS(25) synthesis.

Up to now we have used a mixture of XGOs-ANTS to screen possible new
donors. But once it has been demonstrated that they are good acceptors for XETs it is
further more interesting to obtain a unique ANTS labeled acceptor to be used for kinetic
analysis of XETs by HPCE. We have chosen XXXG-ANTS as standard acceptor
because it is the easiest xyloglucan oligosaccharide to be obtained from tamarind XG,
although there are other XGOs that normally are better acceptors for XETs***°.

The ANTS-labeled xyloglucan heptasaccharide (XXXG-ANTS (25)) acceptor was
synthesized starting from the per-O-acetylated XXXG (15) obtained above
(Scheme 12). Full de-O-acetylation by treatment with sodium methoxide in methanol
afforded 10 in quantitative yield. 10 was derivatized by reductive amination with ANTS
and sodium cyanoborohydride (Scheme 14), using conditions set up before in our

group'? for analytical derivatization of oligosaccharides.

R,0 O
R,0O 7
R.
oR, 20 o OR OR,
R,0 o RO ORZO o RO paes Ry
2
RO R,Q ?
R0 o) R0 0 HO o
R,= OAc, R,=Ac HO 5 oH - O
15 R 2 MeONa/MeOH OH OH 055
rt,8h HO o o Ho o gy O
10 R;=OH, Ry=H HO o Ho o o HO o
ANTS/ACOH/H,0/NaBH;CN wo 9 HO
s ] 7
HO! d HO. 3

Scheme 14: Scheme of labeling reaction of XXXG(10).

Although widely used on analytical scale for HPCE analysis, ANTS-saccharide
conjugates have not, to our knowledge, been produced in a preparative scale. The
present method allows routine preparation of XXXG-ANTS 25 on a gram scale.

Preparative-scale production of the ANTS-labeled XXXG (25) required the
optimization of a purification protocol consisting of three chromatographic steps:

a) gel filtration chromatography to remove the large excess of unreacted ANTS,
eluted with water.

b) anion exchange chromatography to separate traces of underivatized XXXG
(10), the labeled product was eluted with sodium hydroxide 0.1 N.

c) a second gel filtration step for desalting and further purification of the final
XXXG-ANTS (25), eluted with water.
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The final product was > 95% pure (as assessed by HPCE) and was isolated with
an overall yield of 55 % from XXXG (10).

XXXG-ANTS (25) was characterized by mass spectrometry and by *H and **C
NMR.

In the 'H spectra doublets between 8.61 and 7.61 ppm of aromatic protons
demonstrate the presence of the naphtalene label, the 3H multiplet at 4.94 ppm of
anomeric protons demonstrates the presence of three xylosyl groups by comparison
with XXXG *H spectra'® and the presence of three glucopyranosyl groups was
demonstrated by doublets at 4.60, 4.53 and 4.51 ppm corresponding to B-
1,4-glucosyl units. Relative integrals are in concordance with expected structure.

In the *C spectra signals between 135.9 and 115.0 correspond to ten aromatic
carbons from the naphtalene label. Signals at 104.2, 102.9 and 102.4 corresponding to
substituted glucose anomeric carbons prove the presence of three glucopyranosyl
units, and signals at 99.1, 98.9 and 98.4 are assigned to anomeric carbons of three
xylopyranosy! units by comparison with the *C spectra of XXXG*. Finally the signal at
46.6 ppm indicate the presence of a -CH,-NH- carbon, demonstrating the amine

linkage with reduced GIc'.

5.3.- HPCE method validation.

The HPCE method developed in chapter 2 (p. 59) for the separation of
ANTS-labeled oligosaccharides is validated with purified XXXG-ANTS to be used in
kinetic monitoring of XET reaction.

Linearity, repeatability, detection and quantification limits were evaluated to
validate the HPCE method. Method response (area vs. concentration plot) is linear
between 0.01 and 1 mM XXXGANTS (25) with response factors (relative

area/concentration) within + 10% of the mean response factor*®® (Figure 43).
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Figure 43: Standard curve and response factors for XXXG-ANTS (25) as
analyte. Peak areas for 25 in the electropherograms are relative to the
peak area of ANTS-labeled mannose as internal refer ence. Inset.

Response factors (RF) in relative area/concentratio  n, mean response

factor (mean RF) (solid line), £ 10% of mean RF lim its (dashed lines).

Detection and quantification limits were 0.005 mM and 0.01 mM*®, respectively.

Repeatability was determined at three concentration levels, 0.01, 0.1 and 1 mM,

analyzing 6 samples for each concentration. Variation coefficients were lower than 5 %

within all the concentration range (Table 4).
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Average
conc (mM) Rel. area St. Dev. CV (%)
1 0.58263 0.01801 3.09154
0.1 0.05604 0.00177 3.16554
0.01 0.00618 0.00024 3.96282

Table 4: Repeatibility of the HPCE method at low, m edium, and high
concentration levels within the linearity range for the analysis of
compound XXXG-ANTS ( 25).



Finally, response factor comparison between XXXG-ANTS (25) (used as analyte
in the method validation, and standard acceptor for Ptt-XET16A catalyzed reaction)
and XXXGXXXG-ANTS (31) (the XET-catalyzed reaction product) was done by parallel
labeling of both substrates (XXXG (10), XXXGXXXG(23)) with ANTS and analysis of
both stocks. In Figure 44, relative areas of each compound 25 and 31 at the same
concentration showed a slope of one, indicating that both compounds have the same

response factor.

1,0

0,8

0,6 4
m=0.958 +0.018

0,4

0,2

Area(XXXGANTS)/Area(ManANTS)

0,0 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Area(XXXGXXXGANTS)/Area(ManANTS)

Figure 44: Comparison of relative areas of XXXG-ANT S (25) and
XXXGXXXG-ANTS (31) at 0.1, 0.2, 0.4, 0.5,0.7, 1 mM.

5.4.- Ptt-XET16A reaction monitoring and product identificati on.

The tetradecasaccharide 23 was assayed as low molecular weight donor for the
transglycosylation reaction catalyzed by Ptt-XET16A using purified XXXG-ANTS (25)
as the acceptor substrate (Scheme 15). HPCE analysis (Figure 45) shows the

formation of a dimmer, a trimmer, and traces of a tetramer.

Ptt-XET16A
XXXGXXXG + XXXG-ANTS P XXXGXXXG-ANTS + XXXG + (XXXG),-ANTS n=3,4

23 25 31 10

Scheme 15: Scheme of transglycosylation reaction be  tween the
tetradecasaccharide donor (23) and the heptasacchar ide labeled

acceptor (25), showing the transglycosylation produ cts.
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Figure 45: HPCE analysis of the transglycosylation reaction between

XXXGXXXG donor (23, 1 mM) and XXXG-ANTS acceptor (2 5, 5 mM)
catalyzed by Ptt-XET16A at pH 5.5, 30°C. ManANTS is the internal

reference for peak area integration. Inset: Time co  urse of the reaction.

a:  XXXGXXXG-ANTS (31); b: (XXXG) XXXG-ANTS (37); ¢
(XXXG)sXXXG-ANTS.

The dimmer and trimmer were identified as XXXGXXXG-ANTS (31) and
(XXXG)XXXG-ANTS (37) respectively, by co-injection with chemically synthesized
standards® (Figure 46). The dimmer (31) is the initial product formed by transfer of the
non-reducing end repeating unit from donor 23 to the acceptor (Figure 45, inset),
whereas larger oligomers (minor products) arise probably from transglycosylation of
donor 23 to the initially formed product (31) acting as an acceptor, although other
reaction pathways could be proposed (Scheme 16). This can indicate that
transglycosylation products can compete with ANTS labeled heptasaccharide substrate
for the acceptors subsites. Taking into account that the XXXG-ANTS (25) concentration
was higher than the first transglycosylation products and donor, it could be
hypothesized that transglycosylation products, and the donor may be better acceptors
than the XXXG-ANTS acceptor (25). For that reason, it can be proposed that the acidic

ANTS tag can have some negative effect on binding.

4 Synthesis of ANTS-labeled xyloglucan oligosaccharides as standards for product identification is
described in chapter 4 (p.123).
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Figure 46: HPCE electropherograms showing identific ation by
coinjection of XXXGXXX-ANTS (31) and XXXGXXXGXXXG-A NTS (37).

XET
XXXG-XXXG + XXXG-ANTS —> XXXG-XXXG-ANTS + XXXG
23 25 31
XET
XXXG-XXXG + XXXG-XXXG-ANTS —> XXXG-XXXG-XXXG-ANTS + XXXG
37
XET [ + XXXG-ANTS
XET

XXXG-XXXG + XXXG-XXXG — > XXXG-XXXG-XXXG + XXXG

XET
XXXG-XXXG + (XXXG)p-XXXG-ANTS — > (XXXG)3-XXXG-ANTS + XXXG

XET T + XXXG-ANTS

XET
XXXG-XXXG + (XXXG)p-XXXG —— (XXXG)3-XXXG + XXXG

Scheme 16: Proposed reaction pathways to explain th e formation of
detected transglycosylation products in XXXGXXXG (2  3) + XXXGANTS

(25) reaction.

A new HPCE activity assay for XETs was developed using low molecular weight
XGos as substrates (XXXGXXXG (23) as donor and XXXGANTS (25) as acceptor) to
monitor XET activity and to characterize kinetically Ptt-XET16A.
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CHAPTER 3: Ptt-XET16A enzyme characterization.

1.- Introduction.

Ptt-XET16A was kinetically characterized using the HPCE method developed and
validated in the present work. Kinetics were performed in citrate/phosphate buffer at
constant ionic strength to determine pH and temperature profile with the
tetradecasaccharide 23 and XXXG-ANTS (25) as donor and acceptor substrates,
respectively. Initial rates were determined as the slope of the linear region of the time
course (product concentration vs. reaction time) normally corresponding to < 5%
conversion. Lost on linearity appears when transglycosylation products of higher DP
than XXXGXXXGANTS (31) are observed (Figure 47). Ptt-XET16A has no detectable
xyloglucanase (hydrolytic) activity (EC 3.2.1.151) under standard conditions*’.

0.075

0.050 .

0.025

[XXXGXXXGANTS] (mM)

0

0O 10 20 30 40 50 60
Time (min)

Figure 47: Example of initial rate determination, w  here linearity is lost

at high conversions.
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2.- Specific activity.

The linear relationship between initial rate and enzyme concentration (Figure 48)
shows that a normal enzyme behavior is observed in all the range of enzyme
concentrations studied. Reactions were done at pH 5.5 and 30°C using 1 mM donor 23

and 5 mM acceptor 25.

0.008

V,=0.00781-[E]

00 0% 05 075 100
[El (UM

Figure 48: Enzyme standard curve v  VS. enzyme concentration.
Conditions: citrate/phosphate buffer pH 5.5, 30°C, 1 mM donor 23,
5 mM acceptor 25.

Active enzyme concentration of each batch of Ptt-XET16A was determined by

interpolation in the enzyme standard curve (Figure 48) of the initial rate obtained at
1 mM XXXGXXXG (23) and 5 mM XXXGANTS (25) at pH 5.5 and 30°C.
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3.- pH profile.

The pH-dependence of the enzyme activity (Figure 49) was analyzed at 30°C
using 1 mM donor 23 and 5 mM acceptor 25. Maximum activity was detected between
pH 5.0 and 5.5. Activity follows a single ionization curve at high pH values with a kinetic
pK, of 6.1 corresponding to general acid catalysis. At lower pH values, a rapid loss of
activity is clearly observed. Enzyme inactivation at pH < 5 has previously been
observed for Ptt-XET16A using standard iodine assays with XG substrate*’, and it
appears to be a common feature of XTHSs, that normally have a pH optima between 5

and 7.
0.15 |

Q [ ]
—~ 0.10
) !
T ,:'
=" 0.05 !
0 o4

2 3 4 5 6 7 8 9
pH

Figure 49: pH-Dependence of Ptt-XET16A activity at 30°C, 1 mM donor

23, 5 mM acceptor 25.

A general characteristic of XTHs is that more or less all enzymes present rapid

decrease in activity below pH 5 and total loose of activity at 3.5.
There are XTHs which present a broad pH profile (>50% activity between pH

4.5-8), for example At-XTH24™ or Tropaeolum majus XTHs® or some Mung bean

seeds XTHs®.
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In contrast, other XTHSs, including the Ptt-XET16A studied in this project, present
sharp pH profiles maintaining more than 50% of maximum activity only between 2 or
2.5 units of pH. Some of them have the pH optimum centered at pH 5-5.5, for

469 one XTH from Mung bean seeds®, or one

example some cauliflower XTHs
enzyme from pea stems* and the studied Ptt-XET16A. Another group of enzymes
have sharp pH profiles with the maximum of activity more centered at pH 6-6.5 , for
example At-XTH4, At-XTH14 and At-XTH22°*°. And finally another group of enzymes
present a pH optimum between 5.5 and 6 as one XTH from ripe kiwifruit (Actinidia

deliciosa) Ad-XTH6* and another from azuki bean epicotyls®.
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4.- Temperature profile.

The temperature dependence of Ptt-XET16A (Figure 50) was evaluated at pH
5.5. Maximum activity was obtained between 30 and 40°C, followed by a rapid
inactivation at higher temperature as previously observed using standard assays with

XG polymer as substrate®’.

0.15

0 10 20 30 40 50 60
Temp (°C)
Figure 50: Temperature dependence of Ptt-XET16A activity at pH 5.5,
1 mM donor 23, 5 mM acceptor 25.

In general all XTHs present a broad temperature profile, where 50% of activity
is maintained between at least 25 °C. But XTHs can be classified depending on the
temperature at which activity is maximal.

There are some cold tolerant XTHs, for example At-XTH22 heterologously
expressed in E. coli and purified on denaturing conditions followed by refolding which
have maximum activity between 12-18 °C showing more than 50% of activity at -5 °C*°.
Likewise, At-XTH14 and At-XTH22 heterologously expressed in baculovirus/insect cells
systems have maximum activity near 18 °C™.

There is another group of XTHs which have their activity maximum between
20-30 °C, some of them having higher thermo tolerance, for example, At-XTH4 and
At-XTH24, they maintain 80% of activity at 45 °C '
relative fast inactivation at higher temperatures , for example XTH from

° and others in the group present a

cauliflower*®®, some from mung been seeds®, and Ptt-XET16A here reported.
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5.- Kinetic mechanism of Ptt-XET16A.

5.1.- Background.

One open discussion in XET studies is the kinetic mechanism of action. Kinetic
parameters using xyloglucan as donor substrate have been reported for xyloglucan
endotransglycosylase activity of extracts from suspension-cultured poplar cells®. A
sequential mechanism was proposed, in which both XG as glycosyl donor and XGO as
glycosyl acceptor associate with the enzyme to form a ternary complex before

cleavage of the XG and transglycosylation to the acceptor occurs (Scheme 17).

XGn.m

XGos XG -XGos
XGh E-XG, ( >/ E-XGp- XGos m
,V/ \ / XGn m
E \(-X\Gos XGn\yEXG XGos ———> E-XGn-XG0$'XGnm_  XGp-XGos >/
. / X\ E-XGp.m /

Scheme 17: Schematic representation of a sequential bi bi mechanism,
where donor and acceptor can bind the enzyme random ly and a

trivalent complex (enzyme, donor and acceptor) isf  ormed.

However, the original mechanism postulated for XET involves a double
displacement mechanism with formation of a glycosyl-enzyme intermediate®. This is in

keeping with the observed mechanism of GH16 hydrolases’®'"®

and the retaining
mechanism of glycoside hydrolases in general*’®. The double displacement mechanism
on XETs is supported by different observations as it was presented in the introduction
(p. 27)79-82_

Some time later, Farkas and coworkers® analyzed the kinetics of nasturtium seed
XTH obtained with xyloglucan as donor and radiolabeled *H-XGOs acceptors by fitting
the data to modified ping pong bi bi kinetic models. They tried to adjust some variant of
ping pong models (donor or acceptor or both acting as competitive inhibitors) and they
concluded that the best model explaining the experimental data was a “modified ping-
pong mechanism with oligosaccharides acting as dead-end inhibitors and with two
alternative fates for the glycosyl-enzyme intermediate: either hydrolysis or

transglycosylation” (Scheme 18).
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E E-XGp—> E-XGp-XGnm =

V\xeos 1%H20
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E-XGp-OH
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Scheme 18: Schematic representation of a bi-bi ping pong mechanism
with XG oligosaccharides acting as competitive inhi bitor with respect

to xyloglucan and presenting a branching point due to XG hydrolysis.

All previous attempts to obtain kinetic constants provided apparent kinetic
parameters and failed to find an ideal model because of the molecular heterogeneity of
the xyloglucan donor, the multiple turnovers taking place with the polymeric XG
substrate, and the undetectable transfer reactions to other XG-polymer molecules as
acceptor. For that reason, one of the objectives of the present work is to characterize
kinetically the Ptt-XET16A enzyme with XXXGXXXG as donor and XXXGANTS as
acceptor, evaluating the reaction presented in Scheme 19 to establish the kinetic

mechanism using the developed HPCE assay.

Ptt-XET16A
XXXGXXXG + XXXG-ANTS p XXXGXXXG-ANTS

Scheme 19: Scheme for transglycosylation reaction b etween the
tetradecasaccharide donor 23 and the heptasaccharid e labeled

acceptor 25, showing the first transglycosylation p roduct.
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5.2.- Steady state kinetics.

Steady state kinetics on Ptt-XET16A varying both donor 23 (0.2 — 5 mM) and
acceptor 25 (0.5 — 10 mM) concentrations were performed at pH 5.5 and 30°C. As
example, initial rates varying acceptor 25 concentration at 1mM donor 23 are

presented in Figure 51.

0.20

0.15+

0.10+ .

Vol[E] (1/s)

0.0514 *

0.00 T T T T
0.0 25 5.0 7.5 10.0 12.5

[XXXG-ANTS] (mM)

Figure 51: Initial rates obtained at 1 mM XXXGXXXG  varying acceptor

concentrations.

Full set of initial rates was analyzed according to different variants of ping pong

52,171

mechanisms (Table 5), where AB is the donor, C is the acceptor, and AC is the

labeled transglycosylation product.
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ID Equation Results Eq. ref.
(a) v ke a8 1] =
R Tel %o KT+ T R = 0800 -
(b) v k... da8]dc] Converge to 171
H Kuc E[AB]+KMAB EIC] [AB]E[C]+KAB Kye eq (a)
© v k... 4] dc] Converge to 5
E KMC¢ABJ+KMAB ]+ el e] e e eq. (a)
v . el -
(d) F . das] ok cﬁc]z{nk]}[wmq No converge
: a (10K R = 0,006 171
(e) B KMC¢AB]EE1+[AB]]+KMAB tic] +[ag]dc] R? = 0.821
v ke (fAB]dic] -
0 F bl ABjM el [+ eli Rz 0937
l kcat [ﬁAB] [ﬁC] N 52
© | 7KK K, (of +k. AB]+ A8 0 converge
v _ kea (JAB]dlc] Converge to -
(h) e o Yl a0+ el eq. (e)
v _ ke JAB]rC] No Deduced in
i [l ., Kiuso Kue fagl s Ll
) KMCEEl ; ]EﬁAB] et KM““EEl 3 ]Eﬁc] *bele] convergence | this study
v ke (fAB] tic] No Deduced in
i H Khas M.C MAB MC
) K e ]cﬁAB]+KMABa g +KMAMEE1+U]¢C] [ - iIC]EﬁAB]EﬁC] convergence | this study
a) Ping Pong bi bi system.

Ordered bi bi system.
Sequential ordered system.

Ping Pong bi bi system where C is competitive inhibitor of AB.
Ping Pong bi bi system where AB is competitive inhibitor of C.

Ping Pong bi bi system where AB is competitive inhibitor of C and C is competitive

inhibitor of AB.

Ping Pong bi bi system where C is competitive inhibitor of AB and with a hydrolysis

branching point.

Ping Pong bi bi system where AB is acting as alternative substrate to C.
Ping Pong bi bi system where AB is acting as alternative substrate to C and C is acting as

competitive inhibitor for AB (version 1).

Ping Pong bi bi system where AB is acting as alternative substrate to C and C is acting as

competitive inhibitor for AB (version 2).

Table 5: Kinetic models and results when fitting th
AB is the donor XXXGXXXG (23) and C is the acceptor

e experimental data.
XXXGANTS (25).

97




Best results were obtained when fitting the data to equation f in Table 5. This
equation describes a ping pong bi bi mechanism with competitive inhibition by the
labeled acceptor binding to the free enzyme, and inhibition by the donor binding on the

acceptor subsites of the glycosyl-enzyme intermediate (Scheme 20):

AB AC

B C
( Kwae j ( Km.c 5
E E-AB = E-A-B E-A E-A.C = E-AC E

Kic w/\c Kiag L/\AB

E-A-AB

k., [[AB](]C]

é ) K, (AB] EEl+ E:ABB]] +K,y, fc] EE“ }[fn +[AB]tc]

Scheme 20: Proposed kinetic mechanism for the react ion of
Ptt-XET16A. AB: donor substrate, C: acceptor substrate, AC: labeled
transglycosylation product, and equation describing this mechanism

(equation f in Table 5).

Figure 52 and Figure 53 present selected kinetic data varying one substrate
concentration at fixed concentrations of the other substrate together with fitted model
curves. Both figures contain the same experimental data but presented versus each
substrate (donor or acceptor) concentrations. Lines represent overall-data-fitted-model
(equation f from Table 5) for selected substrate concentrations. Although some
variability in data was detected due to experimental deviations, a good fit is obtained
rendering the following kinetic parameters: ke, = 0.45 + 0.04 s™, Kuas =0.37 £0.09 mM
, Knc=1.9 £0.3 mM, K| 4=1.0 £0.1 mM, and K;c = 1.5+ 0.4 mM.
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Figure 52: Kinetics (v o vs. [donor 23]) at different acceptor 25
concentrations (mM). Initial rates (v () were determined by the HPCE
method at pH 5.5, 30°C. Plotted lines are the corre sponding calculated

curves obtained after fitting all kinetic data to e quation f in Table 5.

Figure 52 shows high donor inhibition phenomena, the lower the acceptor
concentration, the higher the donor inhibition. This is explained by the fitted model,
where competitive binding of donor to acceptor subsites of glycosyl-enzyme
intermediate renders a dead-end complex (Scheme 20).

This dead-end complex (E-A-AB) presented in fitted model (equation f in Table
5), may not be really a dead-end complex, because it is possible that the donor (AB)
acts as acceptor rendering the non-labeled AAB transglycosylation product. Moreover,
taking into account that some high DP labeled transglycosylation products were
detected at longer reaction times such as XXXGXXXGXXXGANTS (AAC, 37) and
XXXGXXXGXXXGXXXGANTS (AAAC). Two equations describing a Kkinetic
mechanism where the donor (AB) acts as alternative substrate to acceptor (C) were
deduced in the present work (equations i and j, from Table 5), however it was not

possible to adjust kinetic data to the proposed models.
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Focusing on experimental data and fitted curves at low acceptor concentrations
(1 mM (black) and 2 mM (red)) significative deviations from the model are observed.
These deviations could be explained by an undetected donor polymerization reaction
occurring when donor binds at acceptor subsites. This polymerization reaction may
explain the unusually high inhibitory effect of the donor. Other indications that this
reaction occurs is the observation of polymerization at high reaction evolution as

presented before (Figure 45).

Donor Fixed
0.20

[XXXGXXXG]
(mM)

V/E] (L/s)

0.00-¢ T T T T

0 1 2 3 4 5 6 7 8 9 10 11 12 13
[XXXG-ANTS] (mM)

Figure 53: Kinetics (v o vs. [acceptor 25]) at different donor 23
concentrations (mM). Initial rates (v () were determined by the HPCE
method at pH 5.5, 30°C. Plotted lines are the corre sponding calculated

curves obtained after fitting all kinetic data to e quation f in Table 5.

In the complementary representation of experimental data and fitted curves to
the model (Figure 53), competitive inhibition of acceptor for donor subsites could be
observed.

Reciprocal plots are presented in Figure 54. In contrast to normal ping pong bi
bi systems where for 1/v, versus 1/[substrate] produces a series of parallel lines at
different fixed concentrations of the other substrate, the proposed model shows strong
inhibition at high donor and acceptor concentrations.

For the adjusted model, each curve at a fixed concentration of one substrate
presents a minimum which moves closer to the 1/vy axis as higher is the concentration
of the fixed substrate (as the fixed substrate overcomes the inhibition by the varied
substrate) and the slope of the reciprocal plot increases (as the fixed substrate

introduces its own inhibitory effect) as it was expected for the adjusted model*".
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Figure 54: Double reciprocals plot for kinetics of Ptt-XET16A using
compounds 23 and 25 as donor and acceptor, respecti vely,
concentrations are expressed in mM. Reactions were performed in
citrate/phosphate buffer pH 5.5, 30°C, and initial rates determined by
the HPCE method.
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This fitted model is similar to which Farkas and co-workers proposed for the
nasturtium enzyme®?, except that in the model in our work, donor inhibition is included
and hydrolysis of the glycosyl-enzyme intermediate is omitted. Another model
considering donor polymerization was deduced in this study (Table 5 equation i and j)
but it was too complex to be adjusted to the experimental data.

This is the first study that allowed obtaining kinetic parameters of a donor
different from XG polymer, having a fixed and defined structure. However, donor self-
transglycosylation or product polymerization seems to provoke deviations from the
fitted model at low acceptor concentration.

To prevent this putative side reaction and to obtain a simpler kinetic mechanism
with improved fit to the experimental data, a donor unable polymerize (acting as
acceptor) would be desirable. The concept is to use a “blocked” donor in which to 4-OH
at the non-reducing end has a different configuration or it is substituted with a

protecting group to avoid that the donor acts as acceptor.

5.3.- Steady state kinetic parameters using a block  ed donor.

5.3.1.- Background.

In order to obtain this “blocked” donor to prevent the observed side reactions
where donor or transglycosylation product act as acceptor, we have designed the
blocked substrate GalGXXXGXXXG (38) presented in Figure 55. This substrate,
derived from XXXGXXXG (23), has a galactosyl group in the non reducing end instead
of a glucosyl unit. It will prevent donor polymerization because its 4-OH (axial) has the
opposite configuration than 4-OH of glucose (equatorial), and therefore it is not

correctly positioned to attack the glycosyl-enzyme intermediate.

Figure 55: Structure of GalGXXXGXXXG (38), framed t he 4-OH of the

Gal unit.
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The same concept had been applied previously in our and other groups in
glycosynthase-catalyzed transglycosylation, demonstrating that a Gal unit on the non-

149,150

reducing end on substrates for 1,3-1,4-B-glucanase’® or for cellulases preventing

donor self condensation and polymerization reactions.

5.3.2.- GalGXXXGXXXG (38) synthesis.

The GalGXXXGXXXG (38) substrate was synthesized by Régis Fauré at
CERMAV-CNRS (EDEN partner). It was synthesized in two steps by the glycosynthase
methodology*****°
XXXG (10) by the Cel7B E197A from H. insolens to render GalGXXXG (40)

(Scheme 21). GalGXXXG (40) was per-O-acetylated, purified and activated again as ao-

. First glycosylation was carried out between GalGlcaF (39) and

fluoride by: standard hydrazine acetate treatment, DAST fluorination and HF/Py
anomerization of the fluoride. Finally, de-O-acetylation rendered the donor substrate
GalGXXXGaF (42) for the next step. Second condensation between GalGXXXGaF
(42) and XXXG (10) was catalyzed again by the Cel7B E197A from H. insolens
obtaining the blocked Ptt-XET16A donor substrate 38.
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Scheme 21: Synthetic route to obtain GalGXXXGXXXG (  38).
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[Product] (mM)

5.3.3.- Ptt-XET16A reaction monitoring and product identification
with GalGXXXGXXXG as blocked donor.

Pit-XET16A-catalyzed reaction monitoring using GalGXXXGXXXG (38) and
XXXGXXXG (23) as donors showed different reaction profiles (Figure 56).

For compound 23 different reaction products (polymerization) are formed from
the beginning (Figure 56A).

In contrast, for compound 38 no polymerization products were detected at initial
reaction times demonstrating that the GalG group is effective in blocking donor
(Figure 56B). Only at longer reaction times (t>30 min) when conversion is higher than
70%, and first product (GalGXXXGXXXGANTS (44)) is accumulated, other products
appeared and were identified (by co-injection with ANTS labeled standards)® as
GalGXXXG-ANTS (43), XXXGXXXG-ANTS (31), and some polymerization products of
XXXGXXXG (23) (Figure 57).

1 1
A LacXXXGXXXGANTS B
0,8 1 0,8
XXXGXXXGANTS s
0,6 £ 0,61
C
>
0,4 B8 041 LacXXXGANTS &
E XXXGXXXGANTS
0,2 1 0,2
(XXXG)XXXGANTS
(XXXG):XXXGANTS
01 (XXXG)aXXXGANTS 0. A e =
0 500 1000 1500 0 500. ]:000 1500
Time (min) Time (min)

Figure 56: Product evolution for  Ptt-XET16A catalyzed reaction using
1 mM XXXGXXXG(23), 5 mM XXXGANTS(25) and 6.2 pM Ptt-XET16A (A)
or 1 mM GalGXXXGXXXG(38), 5 mM XXXGANTS and 3 pM Ptt-XET16A
(B).

®> Synthesis of ANTS-labeled xyloglucan oligosaccharides as standards for product

identification is described in chapter 4 (p.123).
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Figure 57: Electropherograms to identify transglyco sylation products
using GalGXXXGXXXG (38) as donor. (A) GalGXXXGXXXG (38) +
XXXGANTS (25) after 24 h reaction. (B) GalGXXXGXXXG ANTS (44)

standard, (C) GalGXXXGANTS (31) standard, (D) XXXGX XXGANTS (31)
standard.

These products could be produced due to the transfer of the GalG moiety from
the GalGXXXGXXXG (38) or more probably from the accumulated
GalGXXXGXXXGANTS to the acceptor XXXG-ANTS (25) to yield GalGXXXG-ANTS
(43) and XXXGXXXG (23) (or XXXGXXXGANTS (31)) (Scheme 22). The latter acts as

the original standard donor (XXXGXXXG (23)) giving polymerization products, as it is
presented in Scheme 16.

XET
GalGXXXG-XXXG + XXXG-ANTS — > GalGXXXG-XXXG-ANTS + XXXG
38 25
XET
GalGXXXG-XXXG-ANTS + XXXG-ANTS—>GalGXXXG-ANTS + XXXGXXXG-ANTS
25
XET
GalGXXXG-XXXG + XXXG-ANTS — > GalGXXXG-ANTS + XXXGXXXG
38 25 XET 23
XXXG-XXXG + XXXGXXXG-ANTS — > XXXGXXXG-XXXG-ANTS + XXXG
23

Scheme 22: Possible pathways which could explain de  tection of
different transglycosylation products observed in t he Ptt-XET16A
catalyzed reaction between GalGXXXGXXXG (38) and XX XGANTS (25).
In bold the detected ANTS labeled products.
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These experiments indicate that the GalGXXXGXXXG (38) donor avoids donor
polymerization, although at long reaction times when GalGXXXGXXXGANTS is
accumulated other reactions can occur. For that reason, the GalGXXXGXXXG (38) will
be used to study the effects on kinetic parameters of proposed competing reactions
(polymerization) when XXXGXXXG (23) was used as donor in the Kkinetic
characterization of Ptt-XET16A.

5.3.4.- Steady state kinetic parameters of Ptt-XET16A using the
blocked donor GalGXXXGXXXG (38).

Following the same methodology previously applied to XXXGXXXG (23), steady
state kinetics varying donor 38 (0.5 - 7 mM) and acceptor 25 (0.3 - 7 mM)
concentrations were performed in citrate phosphate buffer pH 5.5, 1=0.5 M, and 30°C.
As example, results obtained at 1 mM GalGXXXGXXXG (38) and different
XXXG-ANTS (25) concentrations are presented in Figure 58. Initial rates for a 6x6
matrix of donor and acceptor concentrations were fitted to different ping-pong bi-bi
models (Table 5, p. 97), using Sigma-Plot program. Best results were obtained by
fitting experimental data to Equation 3 in Scheme 23 which describes a ping pong bi-bi

system with acceptor substrate acting as competitive inhibition for donor substrate.

2.0
i
" "
1.5+ . i
Q i "
o) = n
E 1.0+
>
>
0.5+
0.0 T T T T T T T

o 1 2 3 4 5 6 7 8
XXXG-ANTS (mM)

Figure 58: Initial rates obtained at 1 mM GalGXXXGX XXG (38) and

different acceptor (25) concentrations.
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Scheme 23: Proposed kinetic mechanism for the Ptt-XET16A reaction
between GalGXXXGXXXG (38) and XXXG-ANTS (25). AB: d onor
substrate, C: acceptor substrate, and AC: labeled t ransglycosylation

product. Equation describing the proposed mechanism (ping pong bi-
bi mechanism with competitive inhibition for acceptor substrate). K v ag
is the Ky for the donor, K ¢ is the Ky for the acceptor and K ¢ is the

inhibition constant for the acceptor.

Experimental initial rates (data points) and fitted model (lines) are presented in
Figure 59 and Figure 60. A good fit (R=0.990, R?=0.981) was obtained with the
following kinetic parameters: ke,=4.8 + 0.3 s™, Kmag=2.8 £ 0.2 MM, Kyc=1.1+0.1 mM
and K,c= 1.7 £ 0.2 mM. In the first representation (Figure 59) initial rates versus donor
concentration are presented at different fixed acceptor concentrations. Comparing this
representation with Figure 53 in which XXXGXXXG (23) was the donor substrate, it is
clear that donor inhibition is suppressed in this case (Figure 59) at least in the
concentration range studied. These results proof that GalGXXXGXXXG (38) efficiently
avoids binding of donor to acceptor subsites (avoiding donor polymerization and/or

donor inhibition).
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Figure 59: Graphical representation of experimental initial rates varying
donor (38) concentration at different fixed accepto r (25) concentrations

(points) and fitted model at these acceptor concent  rations.

The same experimental data is shown in the second representation (Figure 60),
where Vi/[E] vs. [XXXGANTS (25)] at different fixed [GalGXXXGXXXG (38)] are
presented. In this graph an evident acceptor inhibition was detected similar to that
observed in Figure 53 using XXXGXXXG (23) as donor. This inhibition is caused by
binding of acceptor substrate to free enzyme competing with donor binding and

rendering an inactive complex.

Donor fixed
[GalGXXXGXXXG]
& (mM)
2 m 05
o Al
S v 2
> o 3
® 4
Cl L) L) L) L) L) L) L) . 5
0 1 2 3 4 5 6 7 8
[XXXGANTS] (mM)
Figure 60: Graphical representation of experimental initial rates varying

acceptor (25) concentration at different fixed dono r (38) concentrations

(points) and fitted model (lines) at these donor co  ncentrations.
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Reciprocal plot representations of experimental data points and adjusted

models (Figure 61 and Figure 62) show the expected behavior for this model**.
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LB [XXXGANTS]

5 LB L (mM)
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1/[GalGXXXGXXXG] (1/mM)

Figure 61: Reciprocal plot representation of experi mental 1/v, values
versus 1/[GalGXXXGXXXG(38)] at different fixed acce ptor (25)
concentrations (points) and fitted model at these a  cceptor

concentrations.

Complementary reciprocal plot 1/v versus 1/[XXXGANTS (25)] lines appear
parallel at high 1/[XXXGANTS (25)] but pass through a minimum and go up when
approaching the 1/v, axis. As the [GalGXXXGXXXG(38)] increases the position of the
minimum moves closer to the 1/v, axis and should disappear when
[GalGXXXGXXXG(38)] is saturating*™.

Donor fixed
7.5
[XXXGXXXG]
(mM)
—~ 504 'm = 05
% e A1l
2 " v 2
W 2_5-5. g N o 3
B U W WOy Ly * 4
@ 5
0.0 T T T

1/[XXXGANTS] (1/mM)

Figure 62: Reciprocal plot representation of experi mental 1/v values
versus 1/[XXXGANTS(25)] at different fixed donor (3 8) concentrations

(points) and fitted model at these donor concentrat ions.
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Comparison between kinetic parameters for XXXGXXXG and kinetic parameter
for GalGXXXGXXXG is presented in the following table (Table 6).

Kinetic parameter XXXGXXXG (23) + GalGXXXGXXXG (38) +
XXXGANTS (25) XXXGANTS (25)
Keat (S™) 0.45+0.04 48+0.3
Kw.as (MM) 0.37 £0.09 2.8+0.2
K ag (MM) 1.0+01 | e
Ku.c (MM) 1.9 +0.3 1.1+0.1
Kic (mM) 1.5+0.4 1.7+0.2

Table 6: Comparison between kinetic parameter for s  teady state kinetic
of Ptt-XET16A catalyzed reactions of XXXGXXXG (23) + XXXG- ANTS
(25) and GalGXXXGXXXG (38) + XXXG-ANTS (25).

Kuc (Michaelis-Menten constant for the acceptor) using both donors
XXXGXXXG (23) and GalGXXXGXXXG (38) are approximately equivalent, because in
both experiments the same acceptor XXXG-ANTS (25) was used. Likewise, the
inhibition constant for the acceptor binding in donor subsites (K, c) has the same value
in both cases.

In the donor concentration range studied no donor inhibition was detected for
GalGXXXGXXXG (38), as opposite to XXXGXXXG (23) (with a Kjag = 1 mM). This
difference can indicate that most donor inhibition observed in XXXGXXXG (23)
experiment was caused by self-transglycosylation or product polymerization. Once this
was avoided using the blocked donor GalGXXXGXXXG (38) no donor inhibition was
detected.

Kuas Values are significantly different between both donors. Kyag for
GalGXXXGXXXG (38) is higher than Kyas for XXXGXXXG (23), what may indicates
that Ptt-XET16A affinity for GalGXXXGXXXG (38) is lower than for XXXGXXXG (23).

The Kcy increase from XXXGXXXG (23) to GalGXXXGXXXG (38) demonstrates
that Ko for XXXGXXXG (23) is sub-estimated due to putative polymerization reactions.

The present work is the first XET kinetic characterization using low molecular

weight donors where only a singly transglycosylation event can occur for each donor

molecule. It was demonstrated the bi-bi ping-pong kinetic mechanism of XETSs.
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CHAPTER 4: Donor screening and subsite mapping.
1.- Background.

Enzymes that bind oligomeric substrates have an extended binging site
composed of subsites. One subsite is defined as the set of amino acid residues in the
binding site that interact with one unit of the substrate.

As it was presented in the introduction, subsites are named using negative
numbers starting from the catalytic machinery (the scissile glycosydic bond) to the non-
reducing end, and with positive numbers starting from the scissile glycosydic bond to
the reducing end™®*'®. In our case, for XET, we use roman numbering for the glucosyl
backbone and each xylosyl substitution is named with the same roman number

assigned to the branched glucosyl unit with a prime superindex (Figure 63).

Glc = Glc - Glc - Glc - Glc — Glc —Glc -Glc
A/

2\ -1l -1 -1 ‘ +| + +il +V

Figure 63: Subsite numbering in  Ptt-XET16A for standard XXXGXXXG
(23) substrate.

For XTHs, only some research groups have tried to obtain information about
subsite mapping, their hypotheses and conclusion will be discussed in the following
paragraphs.

Fanutti et al. have studied qualitatively the tranglycosylation and hydrolytic activity
of a XG endotransglycosylase / hydrolase from germinated nasturtium seeds with
different isolated oligosaccharides (XXXGXXXG, XXXGXXLG + isomers, XXLGXXLG
+ isomers, XLLGXXLG + isomers, XLLGXLLG, GXXGXXXG and GLLGXLLG) and
have proposed the substitution requirements at different positions of the donor
molecule”™®. Their conclusions are summarized as follows:

a) At —I subsite it has been shown that a non-substitu ted Glc has to be

present .
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b) GXXGXXXG underwent transglycosylation acting as donor and acceptor at the
same time, the same is observed with GLLGXLLG. Therefore xylosyl substitution
was not necessary at —IV’ subsite (when acting as d  onor) and +I subsite (when
acting as acceptor) .

¢) With the donor GXXGG-XXGXXXG a hydrolytic cleavage of “-* glycosydic bond
to give GXXGG and XXGXXXG was observed, indicating that xylosyl substitution
at —II' subsite was not a requirement . In contrast, no hydrolytical cleavage of
GLLGG-LLGXLLG was observed, that was proposed as a clear indication that
galactosyl-xylosyl substitution at +Il prevent chain cleavage.

d) For subsites -lll, +Il and +lll the conclusions they obtained were less clear.
Taking into account the observation of transglycosylation with GXXG as acceptor, it
could be concluded that xylosyl substitution at +II" subsite and/or +III' s ubsite are
required. They had not obtained any direct evidence on which xylosyl substitution at
+II and/or +lII subsite is required, but taking into account molecular modeling studies

which propose that XG polymer have an alternating conformation'®

(similar to the
alternative flat “cellulosic” conformation), and the substitution requirements proposed
before; Fanutti et al. hypothesized that xylosyl substitution requirement at +li

subsite seemed unlikely (because xylosyl group at +lll subsite would lie on the
same side of the backbone as non-required xylosyl groups at -IV’, -II', and +I’
subsites), but xylosyl substitution at —Ill and +II subsites were proposed to be

required (because they would lie on the same side of the backbone) (Figure 64).

H H
H H
OH OH
0 o)
OH 0l OH OH OH
H H Ol
H o M O/o&,H H A R
H o H o d H
OH H oH OH
OH OH
OH HO
oH OoH OH OH
o OH
o OH o OH

Figure 64: Schematic representation of structural r  equirements

71,85,

proposed by Fanutti and coworkers : In bold the glycosyl units

proposed to be essential.
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Other studies analyzed acceptor specificity: Fry et al.**

used a competitive assay
to obtain Iso for different acceptors and they proposed XXG as simplest structural unit
for a molecule to act as acceptor (xylosyl substitution at +I and +lI subsites are
required) . The same minimal acceptor (XXG) was proposed by Fry and coworkers
with cauliflower and mung bean XTH, although for one isoenzyme minimal activity
was detected using the trisaccharide XG as acceptor®®. However higher activities
were obtained using larger acceptors (XLLG>XXXG>XXG>XG).

Lorences et al.* tried to determine which of the xylosyl residues of XXG were
required (xylosyl groups at +I and +II subsites) to act as acceptor. They evaluated
GXG and XGG as possible acceptor but neither of them showed activity, concluding
that both xylosyl substitutions were required . This result is somewhat limited due
to the lack of mono-xylosyl-substituted material and seems to be inconsistent with

qualitative results from Fanutti et al.®

which indicate that xylosyl substitution at +I
subsite was not required.

These are the first proposals of substitution requirement published up to now,
although all conclusion were not totally proved and the analyses were qualitative.
This will be the starting point for the quantitative and extensive subsite mapping for

XET which is one of the objectives of the present work.

With the HPCE assay here developed, we are able to evaluate different donor
substrates as putative XET donors. As shown in chapter 2 (p. 76) different putative
donors were screened as possible new donors for Ptt-XET16A (XGGG (18),
XGXGGG (19), XGXGXGGG (20), XXXGGG (21), XXXGXXXGGG (22), XXXGXXXG
(23), XXXGXXXGXXXG (24)), finding the smallest donor ever found for XETs
(XXXGGG (21)).

This chapter describes the design, synthesis and evaluation of a family of new
XET donor substrates using the developed HPCE methodology with the objective of
studying substrate specificity of Ptt-XET16A and obtaining a subsite map of the
binding cleft.
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2.- Donor library design.

A library of xyloglucan oligosaccharides (Figure 65 and Figure 66) was
designed in collaboration with other members in the EDEN project to study substrate
specificity of Ptt-XET16A. More concretely, our objective is to evaluate the contribution
on binding and activity of each glycosyl unit in the standard substrate (XXXGXXXG
(23)). This library allows us to study the donor specificity of xyloglucan
endotransglycosylases, in this case XET16A from Populus tremula x tremuloides
(Ptt-XET16A).

The putative donor substrates could be divided in two families to study
separately the negative and positive subsites of the enzyme. In the first family
(Figure 65, left), the group XXXG- was kept constant in the non reducing end part of
the molecule and structures at the reducing part end were variable, to study the
positive subsites of the enzyme. In the second family (Figure 65, right), the opposite
idea was applied, the reducing end part was kept constant (-XXXG) and the non
reducing end part was variable allowing the study of negative subsites. In both cases,
the acceptor will be XXXGANTS (25).

G—G—G—G—X—X—X—G
G—G—G—X—X—X—G
G—G—X—X—X—G
GCG—X—X—X—G

X— X —X—G—G—G
X— X —X—G—G—G—G—G
X— X —X—G —X—G
X— X —X—G—X—X—G X—=G—X—X—X=G
X—G—G—X—X—X—G
X—X—X—G—X—X—X—G
A X—X—G—X—X—X—G
-V -l -1l -1 +| + I +IV
X—G—X—G—X—X—X—G
X—X—X— G—X—X—X—G
A

o2 || | I DR | I f B | B AV
I

Figure 65: Schematic representation of proposed sub strate library
positioned in the subsites of binding cleft. On the left, family 1
designed to map positive subsites and on the right, family 2 designed

to map negative subsites.
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Figure 66: Structures of donor library substrates (

first family (up) designed to study positive subsit

one (down) to study negative subsites of

Ptt-XET16A.
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es and the second

115



3.- Donor library synthesis  ©.

Substrates were synthesized by Régis Fauré at CERMAV-CNRS (EDEN
partner) using the glycosynthase technology described before.

As reported in chapter 2 (p. 74), some drawbacks were detected when using
the glycosynthase methodology. When the standard donor XXXGXXXG (23) was
synthesized by glycosynthase transglycosylation between XXXGaoF (36) and XXXG
(10), using the E197A mutant of Cel7B from Humicola insolens, other condensation
products were produced (polymerization) (Scheme 24, first). Higher is the variability of
the transglycosylation products obtained from coupling between XGaF (57) and GG
(58) (Scheme 24, second).

o' q o' & E197A Cel7B
D i . - o N . H. insolens
o O o o
e S T
36 10
XX

on E197A Cel7B

OH OH i
ng Q B OH o H. insolens . o OHo OHO
CHEL HO. - 5 by H

(o] HO
HO F OH

b\ o 58 % - n=1,2,3,4

Scheme 24: Examples of coupling reactions using the E197A mutant of

Cel7B form Humicola insolens.

The formation of different reaction products is caused by two different
mechanisms: Donor polymerization and/or product elongation. This behavior is
possible because donors have the same Glc conformation in the non reducing end as

the acceptors.

6
This part of the Ph.D. is included in the article published in the Journal of Organic Chemistry with the title Synthesis

of a Library of Xylogluco-Oligosaccharides for Acti ve-Site Mapping of Xyloglucan endo-Transglycosylase , by

Régis Fauré, Marc Saura-Valls, Harry Brumer Ill, Antoni Planas, Sylvain Cottaz, and Hugues Driguez'.
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We have proposed a new methodology to avoid these possible competing
reactions: the idea was to block the 4-OH position of the non reducing end glucose of
the donor, as it was proposed in earlier studies of our group'® and also it has been
used in this study to obtain a blocked donor for Ptt-XET16A characterization. But we
are not able to use a normal chemical protecting group with our substrates, at least
with most of them due to their complex structures. For that reason, we have proposed
the use of a glycosyl blocking group which could be added and removed using specific

enzymatic steps (Scheme 25).

B*aF Mo = m@o e mm‘ap
n n n
oS m’

n m
¢ oH

Scheme 25: Schematic representation of the proposed glycosynthase
strategy using a blocking group (square) which will be added (GS-1
step) and removed (GH-1) using specific enzymes to obtain designed

xyloglucan oligosaccharides.

This carbohydrate blocking group should have the 4-OH in the non reducing
end with a configuration that will avoid it to act as acceptor again. Our first objective
was to evaluate enzyme candidates for adding/removing different blocking
oligosaccharides.

173

First proposal is to use a Gal--1,4-Glc (lactose) " group which could be added

149,150,163,174 and removed

using the E197A Cel7B synthase from Humicola insolens
using specific glycosidases. This lactose group has an axial 4-OH in the non reducing
end which will prevent donor self condensation (Figure 67). This strategy applied to
XGOs has been evaluated at CERMAV-CNRS from Grenoble by Régis Fauré on

XXXG (10), as objective molecule to be blocked.
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The second proposal, based on the same idea, was to use the Gal-3-1,4-Glc--
1,3-Glc group as blocking oligosaccharide which could be coupled using the
glycosynthase (E134A mutant) derived from 1,3-1,4-B-glucanase from Bacillus
licheniformis™®'®® and removed using the wild type 1,3-1,4-B-glucanase (Figure 67).

This proposal was evaluated in this work.

Non-blocked donor for 3-1,4-glycosynthase HO%

OH OH oH oH OH
HO o Q HO 0 Ho o 9 ho OH o
d Ho o. o HO o o
HO o HO o HO.

Figure 67: Comparison between examples of blocked a  nd non blocked

donors.

Both proposed glycosynthases (E197A Cel7B from H. insolens and E134A
B-glucansynthase from B. licheniformis) were evaluated using the corresponding
a-fluoride-oligosaccharidyl blocking groups (Gal4GlcaF and Gal4GIc3GlcaF) as
putative XXXG (10) protecting tools (Scheme 26).
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Scheme 26: Screened reactions to obtain blocked XXX G (10)
substrates for glycosynthase catalysed reaction to obtain putative XET

donors.

It has been demonstrated by TLC that the E197A Cel7B catalyzes blocking of
XXXG (10) with the lactosyl group. It has also been demonstrated that the
B-glucosidase from Agrobacterium sp.'”® gift from professor S.G. Withers, is able to
nearly quantitatively hydrolyze the protection group Gal4Glc, rendering the unblocked
oligosaccharide (XXXG (10)) without detecting any trace of supplementary hydrolysis.
Moreover, it has been found that the commercial available B-galactosidase from
Aspergillus oryzae is able to hydrolyze the terminal galactosyl group of GalGXXXG (40)
rendering a substrate with a non-reducing-end-non-branched glucose (GXXXG (49))
unit by kinetically controlled de-galactosidation. Note that this reaction should be
kinetically controlled because too much longer reaction times produce hydrolysis of
terminal glucose unit

In contrast, in this work, no reaction was observed using the E134A
1,3-1,4-B-glucanase with Gal-B-1,4-Glc-$-1,3-Glc although this oligosaccharide has
been demonstrated to be a donor substrate for this glycosynthase®, the most
probable explanation can be that the branched XGO substrate is not a acceptor for
E134A 1,3-1,4-B-glucanase.
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As conclusion, only E197A Cel7B has demonstrated to be a useful tool to
enzymatically block 4-OH position on the non reducing end glucose unit in substrates
such as XXXG (10), having two possible deblocking tools B-glucosidase from

Agrobacterium sp. and B-galactosidase from Aspergillus oryzae (Scheme 27)'**"2,

OH on K
LS + "R oL~
oL ;
0.
Q HO 0, HO'
C1o7A Gl l 0 { @4 ;% %@ szt
o
OH OH .
(iv) | B-glucosidase
H
HO OH
" R=OH
E197A Cel7B
(if) C R=aF

i

HO’
H%
W A Iy B-galactosidase

%@iw{

Scheme 27: Reaction pathway for glycosynthase catal ysed coupling:

Blocking of donor precursor (i), activation of dono r precursor (ii),

glycosynthase coupling (iii) and two possible deblo cking reactions (iv
and v).

Scheme 28 compiles the list of reactions leading to the full set of XET donors
obtaining notable high yields'?. XXXGXXXG (23) and XXXGXXXGXXXG (24) were

produced by glycosynthase coupling of XXXGaF (36) and XXXG (10) without a
blocking group as it was described before in this work.
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Scheme 28: Reaction pathways to synthesize XET-dono r library using
glycosynthase catalyzed coupling (a), followed by d eblocking reaction
using B-glucosidase from Agrobacterium sp (b), or, a-galactosidase

from Aspergillus oryzae (c) or acidic deprotection (HCI pH 1) (d).
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4.- Donor concentration determination.

Putative XET donors were synthesized in mg scale. In some cases, they
needed long purification protocols, causing the presence of some impurities, for
example silica contamination. For that reason it was necessary to determine the stock
concentration using a no-gravimetric methodology.

The XXXGXXXG (23) stock, produced in a gram scale, was extensively purified
by gel filtration chromatography. Nominal XXXGXXXG (23) stock concentration was
determined gravimetrically. After ANTS derivatization of a set of dilutions of
XXXGXXXG (23), a standard curve (area versus concentration) was generated. Then,
the actual concentration of each donor substrate was determined by HPCE prior ANTS
derivatization by interpolation in this standard curve. It should be noted that the same
standard curve (prepared with XXXGXXXG (23)) is used for all compounds since all
ANTS-labeled oligosaccharides are expected to have the same response factor'?, as it
was demonstrated in this work for XXXG-ANTS (25) and XXXGXXXG-ANTS (31)
(Chapter 2, p. 85).
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5.- Synthesis of standard XGOs-ANTS compounds.

All synthetic compounds presented in Figure 66 were derivatized by reductive
amination with ANTS to obtain the conjugated XGOs-ANTS. Reaction mixtures were
not purified to remove the excess of ANTS since their purity was good enough to be
used for qualitative HPCE analysis as reference compounds for product identification in
enzymatic reactions.

Interestingly, migration times (t,) in HPCE follows a linear relationship with
log(MW) as shown in Figure 68.

3.554

3.454

3.354

3.254

log (MW)

3.154

3.054

2.95+

10 11 12 13 14 15 16
tm

Figure 68: Linear relationship between log(MW) of pu tative donor
substrates and observed migration time obtained fro m HPCE
electropherograms. 1-XXXG(10), 2-GXXXG(11), 3-XXLG or XLXG(12),
4-XLLG(13), 5-GalGXXXG(40), 6-GGXXXG(50), 7-XXXGGG(21),
8-XGXXXG(45), 9-XXXGXG(54), 10-GGGXXXG(51), 11-XGGXXXG(55),
12-GGGGXXXG(52), 13-GalGXXXGGG(59), 14-XXXGGGGG(48),
15-XXGXXXG(29), 16-XXXGXXG(46), 17-GXXGXXXG(53),
18-XGXGXXXG(56), 19-XXXGXXXG(23), 20-GalGXXXGXXXG(38),
21-XXXGXXXGXXXG(24).
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6.- Donor screening.

Enzymatic reactions at 1 mM donor, 5 mM XXXG-ANTS (25) and 3 uM Ptt-
XET16A were monitored after 24 hours reaction to detect possible different patterns of

reactivity of different donors and to identify ANTS-labeled products (Scheme 29).

XTH
XGO(1) + XXXG-ANTS ——» XGO(3)-XXXGANTS + XGO(4)

donor acceptor labelled product subproduct

Scheme 29: General transglycosylation reaction betw  een donors from
library and XXXGANTS (25) acceptor.

6.1.- Product identification.

In order to facilitate discussion, donors have been grouped taking into account
their reaction behaviors.

Donors within the first family (donors that have invariable the non reducing end
fragment (XXXG-)) could be divided in two subgroups depending on the number of
transglycosylation products detected: donors which render a single transglycosylation
product (XXXGGG (21), XXXGXG (45), XXXGGGGG (48)) and donors which render
multiple  transglycosylation products (XXXGXXG (46), XXXGXXXG (23),
XXXGXXXGXXXG (24)).

Donor belonging to the second family (they have invariable the reducing end
fragment (-XXXG)) showed more complicated reaction patterns. First subgroup
includes donors with non-branched glucoses at negative subsites (GXXXG (49),
GGXXXG (50), GGGXXXG (51), GGGGXXXG (52)). Second subgroup is formed by
donors which have a terminal galactose unit (GalGXXXG (40), GalGXXXGGG (59) and
GalGXXXGXXXG (38)). Third subgroup includes donors aimed to explore the xylosyl
substitution requirements of Ptt-XET16A in negative subsites (XGXXXG (54),
XGGXXXG (55), XXGXXXG (29), GXXGXXXG (53), and XGXGXXXG (56)).
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6.1.1.- Family 1. Single transglycosylation product.

The first group of donors (XXXG-GG (47), XXXG-GGGG (48), and XXXG-XG
(45)) showed similar behavior. The same single transglycosylation product was
obtained for all of them and identified as XXXGXXXGANTS (31) by comparison with

XXXGXXXGANTS (31) standard. For example, product identification for XXXGGGGG
(48) + XXXGANTS (25) reaction is shown in Figure 69.

200
1504 i
5 1004
< H
AN N
L) L) L) L)
10 11 12 13 14 15
time (min)
— XXXGGGGG reaction

------ XXXGXXXG-ANTS standard

Figure 69: Electropherograms of XXXGXXXG-ANTS (31) standard and
XXXGGGGG(48) + XXXG-ANTS (25) Ptt-XET16A catalyzed reaction.

The common transglycosylation product arises from transfer of the common
non-reducing fragment XXXG- to the acceptor as it is shown in Scheme 30.

XET
XXXG-GG + XXXG-ANTS — > XXXG-XXXG-ANTS + GG
47
XET
XXXG-GGGG + XXXG-ANTS ————» XXXG-XXXG-ANTS + GGGG
48
XET
XXXG-XG + XXXG-ANTS — > XXXG-XXXG-ANTS + XG
45

Scheme 30: Reaction pathways for XXXG-GG (47), XXXG -GGGG (48),
and XXXG-XG (45) + XXXG-ANTS (25).
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6.1.2.- Family 1. Multiple transglycosylation products.

The second subgroup within the first family is formed by XXXGXXG (46),
XXXGXXXG (23) and XXXGXXXGXXXG (24). All of them yielded multiple transfer
products with the same migration times (t,), indicating that they are common for all
donors within this group. Products were identified as XXXGXXXG-ANTS (31) and
XXXGXXXGXXXG-ANTS (37) by co-injection with the corresponding standards (Figure
70).

A N
i
S e

time (min)

— XXXGXXXG reaction
------ (XXXG), R. + (XXXG),-ANTS  st.

——= (XXXG), R. + (XXXG)3-ANTS st.

Figure 70: Electropherograms of coinjection of XXXG XXXGXXXG-ANTS
(37) standard and XXXGXXXG (23) + XXXG-ANTS (25) re action (up), of
coinjection of XXXGXXXG-ANTS and XXXGXXXG (23) + XX XG-ANTS
(25) reaction (middle) and of Ptt-XET16A catalysed reaction between
XXXGXXXG (23) and XXXG-ANTS (25) (down).

The major product for the three donors (46, 23, and 24) was XXXGXXXGANTS
(31) which arises, in all cases, from transfer of the non-reducing end moiety XXXG- to
the acceptor (Scheme 31). Higher oligomers were also obtained which arise from a
second transglycosylation reaction in which the first product acts as acceptor, and/or
donor self-transglycosylation reaction to render trimeric species that behave as donor
substrate. As an example, reaction pathways for XXXGXXXG (23) are presented in
Scheme 31 and similar behaviors can be proposed for XXXGXXG (46) and
XXXGXXXGXXXG (24).
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For XXXGXXXGXXXG (23) donor, a minor product was also observed at higher
tm, tentatively assigned at XXXGXXXGXXXGXXXGANTS, although we are not able to

identify it due to the lack of adequate standards.

XET
XXXG-XXXG + XXXG-ANTS —— XXXG-XXXG-ANTS + XXXG
23
XET
XXXG-XXXG + XXXG-XXXG-ANTS —— XXXG-XXXG-XXXG-ANTS + XXXG
23
XET | + XXXG-ANTS
XET
XXXG-XXXG + XXXG-XXXG — XXXG-XXXG-XXXG + XXXG
23 23
XET
XXXG-XXXG + (XXXG)p-XXXG-ANTS — > (XXXG)3-XXXG-ANTS + XXXG
23
XET | + XXXG-ANTS
XET
XXXG-XXXG + (XXXG)p-XXXG —— (XXXG)3-XXXG + XXXG

Scheme 31: Possible reaction pathways to explain id entified
transglycosylation products (XXXGXXXGANTS (31) and

XXXGXXXGXXXGANTS (37)) and presumably, but not iden tified,
transglycosylation product XXXGXXXGXXXGXXXGANTS. In bold,

transferred fragment and underlined, identified pro ducts.

6.1.3.- Family 2. Donors with non branched Glc in negative subsites.

Compound GXXXG (49), GGXXXG (50), GGGXXXG (51), and GGGGXXXG

(52) contain one to four non-xylosylated 3-1,4-glucosyl units on the negative subsites.

Compound GXXXG (49) is a poor donor, yielding only traces of transglycosylation
product which was identified by t, comparison as GXXXGANTS (Figure 71A). This

product arises from a single transfer of the G- group from donor to acceptor

(Scheme 32). GXXXG (49) is the smallest donor described so far.

XET
G-XXXG + XXXG-ANTS — > G-XXXG-ANTS + XXXG

49

Scheme 32: Transglycosylation reaction between GXXX G (49) and
XXXGANTS (25) catalyzed by Ptt-XET16A. The transferred fragment is

presented in bold and the identified product, under lined.
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For donors 50, 51, and 52 the reactivity is higher. For GGXXXG (50) a single
product was detected and identified as GGXXXGANTS (Figure 71B), which is
produced by direct transfer of the GG- moiety to the acceptor (Scheme 33).

XET
GG-XXXG + XXXG-ANTS — > GG-XXXG-ANTS + XXXG

50

Scheme 33: Transglycosylation reaction between GGXX  XG (50) and the
labeled acceptor XXXG-ANTS (25). In bold, the donor fragment
transferred to the acceptor is presented and underl ined, the identified

product.

In  contrast, GGGXXXG (51) and GGGGXXXG (52) showed multiple
transglycosylation products. Major product from GGGXXXG (51) reaction is the
expected from GGG- transfer, GGGXXXGANTS (Scheme 34A), but also two minor
products were detected after 24 hours reaction (Figure 71C), which were identified as
GGXXXGANTS and GXXXGANTS. Whereas the first may arise from direct transfer of
the GG- moiety to the acceptor (Scheme 34B), the second one is unlikely to come from
G- transfer (Scheme 34D), but rather it is produced as subproduct of a GG- transfer

from the major transglycosylation product (Scheme 34C).

XET
GGG-XXXG + XXXG-ANTS — > GGG-XXXG-ANTS + XXXG A
51 XET
GG-GXXXG + XXXG-ANTS — > GG-XXXG-ANTS + GXXXG B
51 XET
GG-GXXXG-ANTS + XXXG-ANTS — > GG-XXXG-ANTS + GXXXG-ANTS C
XET
G-GGXXXG + XXXG-ANTS — > G-XXXG-ANTS + GGXXXG D
21
Scheme 34: Reaction pathways explaining production of main

transglycosylation product (GGG-XXXG-ANTS) and the minor ones
(GG-XXXG-ANTS, G-XXXGANTS) from reaction between 51 and 25. The
donor fragment transferred is presented in bold and the identified

transglycosylation products, underlined.
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Figure 71: Electropherograms to identify transglyco
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—— GGGGXXXG reaction

GGGGXXXG R + GGGGXXXGANTS(a) st
== GGGGXXXG R + GGGXXXGANTS(b) st
- GGGGXXXG R + GGXXXGANTS(c) st
------ GGGGXXXG R + GXXXGANTS(d) st

sylation products

arising from reactions between GXXXG (49) (A), or G GXXXG (50) (B), or
GGGXXXG (51) (C), or GGGGXXXG (52) (D) and XXXGANTS (25). In

figures A-C identification was done by t

m comparison in figure D it was

done by co-injection with corresponding ANTS standa rds.

For the longer donor, GGGGXXXG (52), three major products and at least three
minor ones were detected after 24 hours reaction. Some of them could be identified by
co-injection with adequate standards as GGGGXXXGANTS, GGGXXXGANTS, and
GXXXGANTS as major products, and GGXXXGANTS as one of the minor products

(Figure 71D).

GGGGXXXGANTS was formed as first product by direct GGGG- transfer

(Scheme 35A) at initial reaction times,

but the other two major compounds
GGGXXXGANTS and GXXXGANTS were later obtained as it is visualized by the time

course of the reaction (Figure 72).
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XET
GGGG-XXXG + XXXG-ANTS — > GGGG-XXXG-ANTS + XXXG
52

XET
GGG-G-XXXG-ANTS + XXXG-ANTS — > GGG-XXXG-ANTS + G-XXXG-ANTS

GGG-G-XXXG + XXXG-ANTS __*ET _ GGG-XXXG-ANTS + G-XXXG

52
GG-GG-XXXG-ANTS + XXXG-ANTS __ XET  GG-XXXG-ANTS + GG-XXXG-ANTS

_

XET
GG-GG-XXXG + XXXG-ANTS ———— > GG-XXXG-ANTS + GG-XXXG

52
XET
G-GGG-XXXG + XXXG-ANTS — > G-XXXG-ANTS + GGG-XXXG

52 —
XET
GG-GGXXXG-ANTS + GGGXXXG-ANTS — GG-GGGXXXG-ANTS + GG-XXXG-ANTS

XET
GGG-GXXXG-ANTS + GGGXXXG-ANTS —> GGG-GGGXXXG-ANTS + G-XXXG-ANTS

Scheme 35: Some of the possible pathways that could explain different
transglycosylation products detected in the reactio n between
GGGGXXXG (52) and XXXGANTS (25): some of them were identified
and other ones only as proposed structures. The don or fragment
transferred is presented in bold, and the identifie d transglycosylation

products, underlined.
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Figure 72: Product evolution of reaction between GG  GGXXXG (52) and
XXXGANTS (25).
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GGGXXXGANTS can be formed by direct GGG- transfer from donor
(Scheme 35C); however GXXXGANTS is unlikely to be formed by direct G- transfer
from donor (Scheme 35F), whereas it could be formed as byproduct of a second GGG-
transfer reaction from the GGGGXXXGANTS product (Scheme 35B).

The identified minor product, GGXXXGANTS, may be formed by GG- transfer
from donor and/or product to acceptor (Scheme 35D, E) although produced in very low
extent. Structures for non identified minor products are proposed taking into account
linear relationship between log (MW) and t.,,, and expected polymerization reactions
(Scheme 35G and Scheme 35H).

6.1.4.- Family 2. Donors with a terminal Gal group.

Three donors, GalGXXXG (40), GalGXXXGGG (59) and GalGXXXGXXXG
(38), were designed to prevent donor-self transglycosylation and product elongation as
observed on highly reactive donors such as XXXGXXXG (23) or XXXGXXXGXXXG
(24).

For GalGXXXG (40) and GalGXXXGGG (59) a single transglycosylation
product was detected and identified as GalGXXXGANTS by t,, comparison (Figure 73A
and Figure 73C), both products arising from direct GalG- transfer (Scheme 36 and
Scheme 37). Although for GalGXXXG (40) no other transfer (different from GalG- one)
could be proposed, for GalGXXXGGG (59), another transfer (the GalGXXXG- one)
might be expected taking into account that for XXXG-GG (21) the XXXG- transfer
occurs. This GalGXXXG- transfer (Scheme 37) is negligible.

XET
GalG-XXXG + XXXG-ANTS — > GalG-XXXG-ANTS + XXXG

40

Scheme 36: Transglycosylation reaction between GalG  XXXG (40) and
XXXGANTS (25) catalysed by Ptt-XET16A. In bold it is presented the
fragment of the donor transferred and underlined, t he identified

transglycosylation product.
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XET

GalG-XXXG-GG + XXXG-ANTS — > GalG-XXXG-ANTS + XXXGGG
59

T
GalG-XXXG-GG + XXXG-ANTS L GalG-XXXG-XXXG-ANTS + GG
59

Scheme 37: Possible reaction pathways for GalGXXXGG G (59) as

donor, only the first one occurs. The fragment of t he donor proposed

to be transferred in each reaction is presented in bold and underlined,

the identified transglycosylation product.
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Figure 73: Electropherograms to identify transglyco sylation products

r GalGXXXGGG
(59) (B), or GalGXXXGXXXG (38) (C), and XXXGANTS (2 5). In figures A
and C identification was done by t

arising from reactions between GalGXXXG (40) (A), o

m comparison. In figure B it was done

by co-injection with the corresponding ANTS labeled standards.
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The larger donor within this subgroup GalGXXXGXXXG (38), designed to
kinetically characterize Ptt-XET16A avoiding inhibition caused by donor and/or product
polymerization showed, after 24 hours reaction, three major transglycosylation
products identified by t,, comparison as GalGXXXGANTS, GalGXXXGXXXGANTS and
XXXGXXXGANTS (Figure 73C). At initial stages of reaction, GalGXXXGXXXGANTS
was formed and accumulated, this product could react again transferring GalGXXXG-
what will render the same product or transferring GalG- moiety rendering
GalGXXXGANTS and XXXGXXXGANTS as it is represented in Scheme 38.

1
0,8
= GalGXXXGXXXGANTS
E 06 |
= GalGXXXGANTS
2 04 XXXGXXXGANTS
& |
0.2 XXXGXXXGXXXGANTS
0 500 1000 1500

Time (min)

Figure 74: Product evolution of reaction between Ga  IGXXXGXXXG (38)
and XXXGANTS (25).

XET
GalGXXXG-XXXG + XXXG-ANTS — > GalGXXXG-XXXG-ANTS + XXXG

38
XET
GalGXXXG-XXXG-ANTS + XXXG-ANTS—>GalGXXXG-ANTS + XXXGXXXG-ANTS

Scheme 38: Reaction pathways which explain transgly  cosylation
products observed after 24 hours reaction between G alGXXXGXXXG
(38) and XXXGANTS (25).
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6.1.5.- Family 2. Donors with branched chain in the non reducing
end fragment.

Five donors were designed to study the xylosyl substitution requirements of
Ptt-XET16A in negative subsites: XGXXXG (54), XGGXXXG (55), XXGXXXG (29),
XGXGXXXG (56), GXXGXXXG (53).

Whereas XGXXXG (54) gave a single transglycosylation product, identified as
XGXXXGANTS (Figure 75A) by transfer of the XG- moiety (Scheme 39), the other

ones rendered multiple transfers.

XET
XG-XXXG + XXXG-ANTS — XG-XXXG-ANTS + XXXG
54

Scheme 39: Transglycosylation reaction between XGXX  XG (54) and
XXXGANTS. In bold transferred donor fragment and un  derlined the

transglycosylation product identified.

For XXGXXXG (55) one major product and one minor product were detected
(Figure 75B). The major product, identified as XXGXXXGANTS (Figure 75B), is
produced by direct transfer of XXG- fragment (Scheme 40A). The minor one could not
be directly identified due to the lack of appropriate standards, however, interpolation of
migration time in the linear relationship between log(MW) and t, resulted in a MW
approximately of 2500 Da which correlates with the proposed XXGXXGXXXGANTS
structure, resulting from donor or product polymerization (Scheme 40B and/or Scheme
40C+D).
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Figure 75: Electropherograms to identify transglyco sylation products
arising from reactions between XGXXXG (54) (A), or XXGXXXGGG (29)
(B), or XGGXXXG (55) (C), and XXXGANTS (25). Identi fication was done

by t,, comparison with corresponding ANTS standards.

XET
XXG-XXXG + XXXG-ANTS — XXG-XXXG-ANTS + XXXG
29

XET
XXG-XXXG + XXGXXXG-ANTS ————— > XXG-XXGXXXG-ANTS + XXXG B

29
XET T + XXXG-ANTS C
XET

XXG-XXXG + XXGXXXG — > XXGXXG-XXXG + XXXG D
29 29
Scheme 40: Reaction pathways which explain the form  ation of the
detected products from reaction between XXGXXXG (29 ) and
XXXGANTS (25) due to single transglycosylation reac tion
(XXGXXXGANTS), or due to different reaction steps
(XXGXXGXXXGANTS).
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XGGXXXG (55) rendered also different transglycosylation products (Figure
75C): XGGXXXGANTS produced by direct XGG- transfer (Scheme 41A), but also two
minor products identified as XGXXXGANTS and GXXXGANTS (Figure 75C). Both
minor products can arise from XG- transfer from XGGXXXGANTS product to acceptor
(Scheme 41C), but XGXXXGANTS could also be produced by direct XG- transfer from

donor to acceptor (Scheme 41B).

XET
XGG-XXXG + XXXG-ANTS — > XGG-XXXG-ANTS + XXXG A
55
XET
XG-GXXXG + XXXG-ANTS — > XG-XXXG-ANTS + GXXXG B
55 XET
XG-GXXXG-ANTS + XXXG-ANTS ——— > XG-XXXG-ANTS + GXXXG-ANTS C

Scheme 41: Possible reactions of XGGXXXG (55) with  XXXGANTS (25).
The donor fragment transferred is presented in bold , and the identified

products, underlined.

Other two donors XGXGXXXG (56) and GXXGXXG (53) showed different
reaction products: XGXGXXXG (56) rendered only two transglycosylation products
XGXGXXXGANTS (Figure 76A) by direct transfer of XGXG- moiety (Scheme 42) and
XGXXXGANTS as minor product by XG- transfer from donor or product to the

acceptor.

XET
XGXG-XXXG + XXXG-ANTS — > XGXG-XXXG-ANTS + XXXG

56
XET
XG-XGXXXG + XXXG-ANTS ———» XG-XXXG-ANTS + XGXXXG

56
XG-XGXXXGANTS + XXXGANTS ﬂ» 2 XG-XXXG-ANTS

Scheme 42: Reaction pathways that explain formation of two different
products XGXGXXGANTS and XGXXXGANTS. In bold, trans ferred

fragment from donor and underlined, identified prod uct.
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GXXGXXXG (53) showed three major transglycosylation products and some
minor products (Figure 76B). Major products were identified as GXXGXXXGANTS
(Figure 76B), produced by direct GXXG- transfer (Scheme 43), GXXXGANTS and

XXGXXXGANTS (Figure 76B).

200

1504

300+

it

2004

S

=

S 1004* A . ) i -
< < : "
" ", S N AN [ L
504 et HAN 100 ! AN A
A N M N e
0 L 04 m
L) L) L) L) L) L) L) L)
10 11 12 13 14 15 10 11 12 13 14 15
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—— XGXGXXXG reaction —— GXXGXXXG reaction
------ XGXGXXXG-ANTS stand. --=- GXXGXXXG R + GXXXGANTS st
-=-= XGXXXG-ANTS stand. -=-= GXXGXXXG R + XXGXXXGANTS st
== GXXGXXXG R + GXXXGANTS st
Figure 76: Electropherogram showing identification of

transglycosylation products from XGXGXXXG (56) + XX  XGANTS and
GXXGXXXG (53) + XXXGANTS (25) reactions. In figure A identification

was done by t ,, comparison and in figure B by standard co-injectio n.

At initial reaction times GXXGXXXGANTS was produced by direct GXXG-
transfer (Scheme 43A) and accumulated in the reaction medium as shown in Figure
77. Production of GXXXGANTS and XXGXXXGANTS products is not expected to
occur via direct G- transfer from donor or initial product (Scheme 43 B & D) followed by
XXG- transfer from XXGXXXG byproduct (Scheme 43C) taking into account the low
reactivity of GXXXG (49) donor. More reliable is that product polymerization occurs
(Scheme 43E) forming an observed but not identified GXXGGXXGXXXGANTS
product. This secondary product could act as donor transferring the GXXGG- moiety to
render another minor, but not identified product (GXXGGXXXGANTS) and the
identified XXGXXXGANTS as byproduct (Scheme 43F). This not identified tertiary
product (GXXGGXXXGANTS) is represented in Figure 77 with the symbol (), firstly, it
is accumulated in the reaction medium but afterwards its concentration decreased
(Figure 77) probably rendering GXXGXXXGANTS and the identified GXXXGANTS as
byproduct (Scheme 43G).
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Figure 77: Product evolution of reaction between GX  XGXXXG (53) and
XXXGANTS (25).

XET
GXXG-XXXG + XXXG-ANTS — > GXXG-XXXG-ANTS + XXXG
53

XET
G-XXG-XXXG + XXXG-ANTS — > G-XXXG-ANTS + XXGXXXG
53

XET
XXG-XXXG + XXXG-ANTS —> XXG-XXXG-ANTS + XXXG

—XET L G-XXXG-ANTS + XXG-XXXG-ANTS

G-XXG-XXXG-ANTS + XXXG-ANTS

XET
GXXG-XXXG + GXXGXXXG-ANTS — > GXXG-GXXGXXXG-ANTS + XXXG

53
XET
GXXGG-XXGXXXG-ANTS + XXXG-ANTS — > GXXGG-XXXG-ANTS_+ XXGXXXG-ANTS

XET
GXXG-GXXXG-ANTS + XXXG-ANTS — > GXXG-XXXG-ANTS + GXXXG-ANTS

o8]

o O

Scheme 43: Reaction pathways that explain the obtai  ning of different

tranglycosylation products in the reaction between GXXGXXXG (53)
and XXXGANTS (25). Transferred fragments were prese nted in bold,

and identified products, underlined.
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6.2.- Relative reactivity after 24 hours reaction.

Once different transglycosylation products were identified (summarized in
Table 7), relative reactivity between donors could be obtained by direct comparison of
reaction yields of different products after 24 hours reaction.

Yields (%) are expressed as concentration of each product detected relative to

the maximum concentration that could be obtained for that transglycosylation product.

Donor Products Normalized
yield %
XXXG-GG (21) XXXG-XXXG-ANTS 1.4
XXXG-GGGG (48) XXXG-XXXG-ANTS 7.8
XXXG-XG (45) XXXG-XXXG-ANTS 1.1
XXXG-XXG (46) XXXG-XXXG-ANTS 84.1
XXXG-XXXG-XXXG-ANTS 16.2
XXXG-XXXG (23) XXXG-XXXG-ANTS 82.5
XXXG-XXXG-XXXG-ANTS 29.6
XXXG-XXXG-XXXG-XXXG-ANTS 3.6
XXXG-XXXG-XXXG XXXG-XXXG-ANTS 67.4
(24) XXXG-XXXG-XXXG-ANTS 36.2
XXXG-XXXG-XXXG-XXXG-ANTS 12.0
G-XXXG (49) G-XXXG-ANTS 0.7
GG-XXXG (50) GG-XXXG-ANTS 20.8
GGG-XXXG (51) GGG-XXXG-ANTS 102.0
G-XXXG-ANTS 1.2
GG-XXXG-ANTS 3.6
GGGG-XXXG (52) GGGG-XXXG-ANTS 48.1
G-XXXG-ANTS 8.9
GG-XXXG-ANTS 1.7
GGG-XXXG-ANTS 37.6
GalG-XXXG (40) GalG-XXXG-ANTS 315
GalG-XXXG-GG (59) GalG-XXXG-ANTS 33.5
GalGXXXGXXXG (38) GalG-XXXGXXXG-ANTS 545
GalG-XXXG-ANTS 19.3
XXXGXXXG-ANTS 18.6
XG-XXXG (54) XG-XXXG-ANTS 30.4
XGG-XXXG (55) XGG-XXXG-ANTS 96.9
XXG-XXXG (29) XXG-XXXG-ANTS 32.0
XXG-XXG-XXXG-ANTS 9.4
GXXG-XXXG (53) GXXG-XXXG-ANTS 40.4
G-XXXG-ANTS 20.9
XXG-XXXG-ANTS 38.8
XGXG-XXXG (56) XGXG-XXXG-ANTS 69.5
XG-XXXG-ANTS

Table 7: Yields after 24 h reaction at 3 pM Ptt-XET16A, 1 mM donor,
5 mM XXXGANTS in citrate:phosphate buffer 50:50 mM,  1=0.5M, pH 5.5
and 30°C.
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From identification of transglycosylation products and relative reactivities, some
conclusion can be inferred.

a) The scissile bond for transfer to the acceptor is a Ilways the glycosidic
bond at an unbranched glycosyl unit.  This is in keeping with the original conclusion
by Fanutti and coworkers™ for an enzyme from germinated nasturtium seeds, based on
product analysis of the reaction between XG polymer and XGOs. Moreover, our study
shows that if more than one unsubstituted glucosyl unit exits in the donor, several
transfer products may be detected, depending on the size and binding preferences for
each multiple productive enzyme-donor complexes in which, again, cleavage and
transfer occurs from an unbranched glucosyl unit.

b) Comparing donors with the same molecular mass, donors that have
(-XXXG) are better than the

e donor subsites (XXXG-).

This is clearly shown comparing yields after 24 h reaction of similar structures from

xyloglucan-like structure on the acceptors subsites

corresponding donors that have this structure on th

different donor families (Table 8):

XG-like in donor subsites XG-like in acceptor subsites
Donor XXXG-GG (21) GG-XXXG (50)
Yield (%) 14 20.8
Donor XXXG-XG (45) XG-XXXG (54)
Yield (%) 1.1 30.4
Donor XXXG-GGGG (48) GGGG-XXXG (52)
Yield (%) 7.8 >100

Table 8: Comparison of yields on transglycosylation reactions of

donors from different families depending on where i s located the

XG-like fragment of it.

The same conclusion arises from the observation that the transglycosylation
product of the reaction between GalGXXXGGG (59) and XXXG-ANTS (25) was only
the GalGXXXGANTS product, where —XXXG- moiety occupied acceptor subsites and
the GalG- unit was transferred to acceptor. This result indicates that the XXXG moiety
is preferably located in the acceptors (positive) s ubsites than in the donor

(negative) ones as it is shown in Figure 78, second structure.
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v
Gal=G=X =X = X=G=G~-G No
AN C A A AN A
v -1 - -| A+I + +l +IV

\J
Gal—-G—=—X—=-X—= X-G=-G-G Yes
AN A A AN A
v -l -l -IA+I +l +I +IV

Figure 78: Schematic representation of GalG-XXXG-GG (59) possible
modes of binding.

Our conclusion explains the results achieved by other members of EDEN
consortium observing the crystallographic structure of Ptt-XET16 with XLLG (13). In
this 3D structure, only the complex Ptt-XET16A-XLLG bound in acceptor subsites could
be observed (Figure 79) and no electronic density for binding in the negative subsites
was detected®%. Although this binding of XLLG in the positive subsites of the
Ptt-XET16A obtained by crystal soaking can be an artifact of crystal packing due to the
presence of a second molecule of enzyme preventing binding in the negative subsites;
our results confirm a higher affinity of positive subsites for XG-like structures.

In the 3D structure®%

, only some glycosyl units of XLLG (13) could be
observed, specifically glucosyl groups at subsites +I, +Il, and +lll, xylosyl groups at
subsites +I' and +II', and galactosyl group at subsite +II” which indicates that non
observed saccharidic-units are not fixed by enzyme and may adopt several

configurations.
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Figure 79: Three-dimensional structures for Ptt-XET16A — XLLG

complex, from Johansson et al. (2003 and 2004) %1%

c) Donors that have consecutive non-branched glucosyl units and at the
same time are good substrates (GGGXXXG (51), GGGGXXXG (52) having the
—XXXG at the positive subsites) render different products which arise from bond
cleavage at each unsubstituted glucosyl unit, excep t for the terminal glucosyl
unit on the non-reducing end.
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d) Oligomerization reactions arising from multiple tra nsfers were
observed for good substrates (XXXGXXXG (23), XXXGXXXGXXXG (24),
XXGXXXG (29)) because the first transglycosylation product is acc umulated in
enough concentration to compete with the accepto r. Moreover, the
transglycosylation product may be a better acceptor due to its larger size and distant

location of the ANTS label from the binding cleft.

Product analyses have provided information on enzyme specificity and relative
reactivity of donor substrates. But under initial rate conditions, a single
transglycosylation product was formed; therefore kinetic parameters are assignable to
a single productive binding mode. And we may be able to analyze the contribution of
different structural moieties in binding and activity of substrates, by comparison of

kinetic parameters between two different substrates.
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7.- Subsite mapping.
7.1.- Background.

In the subsite mapping of the binding cleft of an enzyme, often described in
glycoside hydrolases acting on polymeric substrates, the objective is to evaluate the
contribution of each individual subsites to binding and catalysis.

In polymeric substrates, binding to a multi-site binding cleft may lead to different
positional and non productive complexes. All these positional isomers contribute to
steady state parameters, but the second order rate constant (k../Ky) is independent of
the formation of unproductive complexes'*® being only dependent of the formation of
productive complexes.

The effect of occupying a subsite on k.,/Ky is the contribution of that individual
subsite to transition state stabilization, and can be expressed by the difference in
transition state activation energy between two substrates differing in one glycosyl unit.
This contribution can be assigned to the stabilization of transition state given by the
glycosyl unit in which both substrates differ. This contribution is expressed by Equation

4, where a and b are two substrates differing in the occupancy of subsite i.

Kea/Ki)
MG#SUbSitei :AGia _AG¢ :-RHD]n(fm—Ma
b (kcat/KM)b

Equation 4: Contribution to transition state stabil ization caused by the
structural difference between substrate a and subst rate b, which is the

glycosyl unit in subsite i.
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As example consider two donors, 23 and 56 (Figure 80), which differ in the

xylosyl substitution at subsite —III’, therefore the contribution of this subsite is given by

Equation 5.

Glc - Glc - Glc - Glc - Glc — Glc —Glc -Glc Glc - Glc - Glc - Glc — Glc — Glc —Glc -Glc
AN A A AN A \CANCAA AN AL

-v -1 -1l A +l +I +i +V -V -1 -l -1 A +l +l +lI +HV

Donor 23 Donor 56

Figure 80: Structures of substrates 23 and 56 desig ned to evaluate

contribution of subsite —IIl in stabilization of tr ansition state.

(Koo /Ko )z

AMGT subsite - II' = AG” 2 - AG™ s =-REI'[I]n( o)

Equation 5: Contribution to transition state stabil ization caused by

xylosyl substitution at subsite -IlI.

7.2.- keat/ Ky determination.

Enzymatic initial rates were determined at different donor concentrations
(between 0.3 and 1 mM) and 5 mM XXXGANTS (25). The slope of v, versus [donor]
gives the kq/Ky value for each donor. As an example, in Figure 81 Kea/Ku

determination for compound GGXXXG (50).

1.0x10-34

5.0x10

Vol[E] (L/s)

L) L) L)
0 25x10%* 5.0x10* 7.5x10* 1.0x10%3
[GGXXXG] (M)

Figure 81: k .o/Ky determination for GGXXXG (50).
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In all kinetic experiments a single transglycosylation event was produced,
except for XXXGXXXGXXXG (24) as donor, in which two products
(XXXGXXXGANTS (31) and XXXGXXXGXXXGANTS(37)) appeared at the same time
(Figure 82).

case

B XXXGXXXGANTS
A XXXGXXXGXXXGANTS

[Product] (mM)
o
5

Figure 82:

transglycosylation reaction between XXXGXXXGXXXG (2

Initial

rate determination of

20 30
Time (min)

and XXXGANTS (25, 5 mM).

Ptt-XET16A (1  pM)
4, 0.35 mM)

k.a/Ku Values obtained for all substrates within the library are presented in the

following table (Table 9).

Donor Product K cat/Km
XXXG-GG (47) XXXG-XXXG-ANTS <0.1
XXXG-GGGG (48) XXXG-XXXG-ANTS <0.1
XXXG-XG (45) XXXG-XXXG-ANTS <0.1
XXXG-XXG (46) XXXG-XXXG-ANTS 57.8+4.3
XXXG-XXXG (23) XXXG-XXXG-ANTS 142.3 £6.7
XXXG-XXXG-XXXG (24) XXXG-XXXG-ANTS 221.1+15.8
XXXG-XXXG-XXXG-ANTS 343.8+19.1
G-XXXG (49) G-XXXG-ANTS <0.1
GG-XXXG (50) GG-XXXG-ANTS 1.16 £ 0.02
GGG-XXXG (51) GGG-XXG-ANTS 409+ 2.6
GGGG-XXXG (52) GGGG-XXXG-ANTS 96.5+4.7
XG-XXXG (54) XG-XXXG-ANTS 1.66 +0.13
XGG-XXXG (55) XGG-XXXG-ANTS 68.8+4.1
XXG-XXXG (29) XXG-XXXG-ANTS 57.1£6.2
GXXG-XXXG (53) GXXG-XXXG-ANTS 202.8+17.4
XGXG-XXXG (56) XGXG-XXXG-ANTS 83.8+5.3
GalG-XXXG (40) GalG-XXXG-ANTS 1.66 +0.07
GalG-XXXG-GG (59) GalG-XXXG-ANTS 1.70+£0.14
GalG-XXXG-XXXG (38) GalG-XXXG-XXXG-ANTS 395.0 + 25.2

Table 9: Kk ./Ky values in M *.s* obtained for each evaluated donor.

The donor studied and the product formed are presen
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7.3.- Subsite mapping.

Thermodynamic cycles relating different substrates within the library and
determining contribution to transition state (TS) stabilization of different structural units
of a standard substrate were constructed. In the thermodynamic cycles, AAG”
(kcal/mol) values (Equation 6) are presented on the arrow between the two related
substrates. Under each substrate the Kca./Kwu (M‘l-s'l) value is presented.

AAG” absolute error for each pair of donors was determined as Equation 4
indicates, in all cases obtained errors are near 0.1 kcal/mol or lower and for that reason

they are not indicated in the thermodynamic cycles.

E -R. E(kcat/KM)a +R. E(kcat/KM)b
Ed L
AAG subsitei (kcat/KM)a (kcat/KM)b
Equation 6: Absolute error determination for AAG” contribution of

subsite i, determined from k  .,/Ky absolute errors for substrate a and b.

7.3.1.- Positive subsites mapping.

In Scheme 44, AAG” values for substrates designed to study acceptor subsites

(positive subsites) are presented, family 1 of the donor library.

+
XXXG-Glc-Gle AAGTLO » XXXG-Glc-Gle-Gle-Gle
(<0.2) 47 (<0.1) 48
lAAcf Co lAAG*S -4.4
Xyl XyI XyI Xyl Xyl Xyl
4_ 1 i
XXXG-Gl-Gle 2867238, e Gle-Gle-Gle BAGT =-05 ) yxXG-Glc-Gle-Gle-Gle 23
(<0.1) 45 (57.8) 46 {1423).
\NNAANA— NN N
AVl HFIE I +IV
Scheme 44: Subsite mapping of positive subsites, AAG® are expressed

in kcal/mol between compared donors and k /Ky are expressed in
M™*.s?in brackets.
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a) It is clearly observed that the minimal structural requirement for positives
subsites is the XXG structure , because XXXGXXG (46) is the minimal substrate for
which k.o/Ky could be determined and a chain of four Glc on the reducing end is not
enough to render a good donor. Combining the AAG” values and the yields after 24
hours reaction (XXXG-GG (1.4%), XXXG-XG (1.1%), XXXG-GGGG (4.7%) and XXXG-
XXG (84.1%)) it can be proposed that the highest contribution to TS stabilization i S
given by Xyl(+II') taking into account the following observations:

1) AAG” (47->45) between XXXGGG (47) and XXXGXG (45) is near zero
and yields after 24 h reaction for them are approximately equal showing the low
contribution of Xyl(+1").

2) AAG” (47->48) between XXXGGG (47) and XXXGGGGG (48) is near
zero and vyields after 24 h reaction for 47 (1.4%) and 48 (4.7%) are similar,
showing a very slight contribution of Glc(+IIl and +1V) on TS stabilization.

3) Comparison between XXXGXG (45) and XXXGXXG (46) renders a
AAG” (45>46)= -3.8 kcal/mol showing the high contribution to TS stabilization of
Xyl(+1I") and/or Glc(+lIl), since the glucosyl backbone is proposed to give only a
very slightly stabilization, then it can be concluded that the highest contribution
on transition state stabilization comes from Xyl(+I 1.

b) Comparison between XXXG-XXG (46) and XXXG-XXXG (23), renders a
AAG” (46->23)= -0.5 kcal/mol showing a slight contribution of Xyl(+1II") and Glc(+IV)
units to TS stabilization

The conclusion that the highest contribution to TS stabilization is given by
Xyl(+1I")  match with the proposal of branching requirements of a XG
endotranglycosylase / hydrolase from germinated nasturtium seeds (the only
requirement of xylose substitution at positive subsites is the Xyl(+II')) "*®. Other
studies seem to indicate that both substitution (Xyl(+I') and Xyl(+II")) are required for

activity®.
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7.3.2.- Negative subsites mapping.

The analysis of donor subsites is presented in Scheme 45, using substrates of
family 2 of donor library. This is the first study where donor subsites are studied,
because all previous reports have used xyloglucan polymer as donor, and therefore, no
information of donor subsites could be obtained.

Contribution to TS stabilization of glucosyl units at each negative subsite was
analyzed with the series GXXXG (49), GGXXXG (50), GGGXXXG (51), and
GGGGXXXG (52).

a) The largest contribution on TS stabilization comes from glucosyl units
at -Il and -1ll (Glc(-1l) and Glc(-1ll)) with given AAG™ -1.5 and -2.1 kcal/mol (4950 and
50->51) respectively.

b) Glc(-IV) have a low contribution on TS stabilizati  on giving AAG”™ from
-0.5 to -0.8 kcal/mol depending on the xylosyl substitution of compared substrates
(51->52 and 29->53 respectively).

Glc-XXXG
(<0.1) | 49
ANGT >- 1.5
l Xyl
ANGT =-0.2 !
Glc-Gle-XXXG = » Glc-Glc-XXXG
116 50 (1.66) 54
MG =-2.1 AAGT =-1.9
Xyl Xyl Xyl

_ 1 * _ 1 1
Gle-Gle-Gle-XXXG 226 =-03 Gle-Gle-Gle-XXXG 286" =+ 0.1 51c-Gle-Gle-XXXG
(40.9) 51 (68.8) 55 (57.1) 29

ANGT =-05 lmcf =-.08
v ) Xi/l X}/I
Glc-Gle-Gle-Gle-XXXG AAG” =-0.4 » Glc-Glc-Gle-Gle-XXXG
(96.5) 52 (202.8) 53 .
Xyl XyI AG =+0.2
s ] 1 o Xyl Xyl Xyl
[8AG" =+0.1 o  Gle-Glc-Gle-Gle-XXXG %‘ VA
(83.8) 56 Glc-Gle-Gle-Gle-XXXG
(142.3) 23
AAEA AN
AV - A Y

Scheme 45: Schematic representation of subsite mapp  ing, calculated

AAG?, in kcal/mol, were noted on the arrows between com pared donors

-1

and k .../Ky values were expressed in M s in brackets.
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The contribution to TS stabilization of different xylosyl substituents was
evaluated. In all cases xylosyl substitution have a lower cont ribution than
glucosyl units to TS stabilization , each xylosyl contribution is between
-0.3<AAG"<+0.3 kcal/mol.

c) The contribution of Xyl(-1I') renders AAG” of —0.2 or +0.1 kcal/mol depending
on the compared substrates (50>54 or 55->29), respectively. Both results are very
low, near to the error value, showing the low contribution of Xyl(-II') in TS
stabilization . Although these values are quite similar this difference can indicate that
contributions are not fully additives. It can be though that when some subsite is
occupied, this could affect interactions in other subsites.

d) For Xyl(-llI), AAG” value -0.3 kcal/mol was obtained from 51—55 and
56—23 indicating some TS stabilizing effect for this xylo syl unit Xyl(-1II") . This low
value seems not to match with the published proposal that xylosyl substitution at —III’
subsite is required for XET / XEH activity .

e) Xyl(-1vV') shows some unstabilizing effect with a AAG” = +0.2 kcal/mol
(532>23).

f) Comparison between GGXXXG (50) and GalGXXXG (40) shows a slight
stabilization of a galactosyl unit compared to a gl ucosyl unit in the subsite -Il
with a AAG” = -0.2 kcal/mol.

AAGT =-0.2
(Cﬂg:)—Glc-XXXG B50) ——M g%-Glc-XXXG (40)
AN A AANAN AN A NANAN
AV A A eV AV - eIV

Scheme 46: Effect of galactosyl versus glucosyl res idues in subsite —II.
AAG” in kcal/mol are presented on the arrow between don ors and

Kea/Ky Values in M *-s™ in brackets.

Since now, we have done a subsite mapping only taking into account 4 negative
and 4 positive subsites because this is the XG polymer repeating structural unit and
other enzymes in family 16 glycosyl hydrolases showed higher contributions on TS

stabilization between —IV and +II subsites'®**°

. However it is possible that these
enzymes present more subsites or some surface interactions with substrate outside the
binding cleft which can have some contribution to TS stabilization. In the designed

library there are only few substrates which can be useful to evaluate the effect of
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putative distant subsites other than -IV to +IV: XXXGXXXGXXXG (24),
GalGXXXGXXXG (38), and GalGXXXGGG (59).

h) Comparison of both reaction patterns for donor 24, with standard donor 23,
(23>24) render two AAG” values -0.3 and -0.5 kcal/mol as shown in Scheme 47A.
These negative values indicate that XXXG moiety outside —IV to +IV subsites have a
TS stabilizing contribution. Moreover stabilization for -V, -VI, ... subsites if any or
unspecific surface interactions on the non reducing end contributes a little bit more
Scheme 47A(i) than +V, +VI, ... subsites or unspecific surface interactions on the

reducing end Scheme 47A(ii).

Xyl Xyl X)I/I
_— | I .
A PP E0% XXXG-Glo-Gle-Glo-Gle-XXXG (24) (i)
Xyl Xyl Xyl D A A AU
b AV A H Y
Glc-Glc-Glc-Gle-XXXG (23)
Sy Xyl Xyl Xyl
| [
AV A Y (221(_3Ic-Glc-GIc—GIc-XXXG-XXXG (24) (i)
DAGF =-03 CACAAAMN
AV A H Y
B
Xyl Xyl Xyl Xyl Xyl Xyl
| | | AG* =-0.6 | | |
(14233!C-G|C-G|C-G|C-XXXG (23) (%gl—(g;lc-Glc-Glc-GIc-GIc-XXXG (38)
(AL A A NN T A LA LA ANANY
V2R || I | Y I IEVRE S \V VoAl A A IV
c AAG* =0
Gal-Glc-XXXG (40) —M— Gal-Glc-XXXG-GG (59)
(1.66) (1.70)
S AN A AAANY N A A NN
Y [ | R R\ AV Al Al o A eV

Scheme 47: Schematic representation of subsite mapp ing, where
calculated AAG” were noted in kcal/mol on the arrows between
compared donors and k .4/Ky values were expressed in M 1st in

brackets.
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i) The stabilization of TS due to newly formed interactions between Ptt-XET16A
and GalG- moiety in the non reducing end, presented in Scheme 47B (AAG”= -0.6
kcal/mol (23->38)), is equivalent to the TS stabilization provoked by the non reducing
end XXXG moiety of 24, when transferring the XXXGXXXG- fragment of 24 to the
acceptor (Scheme 47A(i)). This coincidence may indicate that the major contributing
interactions of XXXGXXXGXXXG (24) to TS stabilization are produced between the
glucosyl units at -V and -VI subsites and the enzyme, although these interactions

might not define a subsite but may be surface interactions.

i) The contribution on TS stabilization of -GG moiety at subsites +V and +VI is
negligible (40->59) (Scheme 47C); which indicates that the slightly stabilization
observed for -XXXG moiety of 24 (Scheme 47A(ii)) when transferring XXXG- fragment
to acceptor is caused by more distant interactions than these located at subsites +V
and +VI.

Subsite mapping results can be resumed in Figure 83 where contributions of

different subsites are presented.

|“~o |[-38][-05]

Glc — Glc GIc Glc ;5 Glc Glc - Glc - Glc - Glc - Glc - GIc Glc - Glc - Glc GIc Glc.

______ B3 Ble 5l 5 8le 3 G 7 Glej Gl Gle S5

-05 -05 |[-21][-15 ~0|[~0]
-06 -0.8
L AV 1| I | B +H o+ I +IV
Figure 83: Contribution of different subsites on TS stabilization of

Ptt-XET16A. Contributions are given in kcal/mol, negati ve values

indicate stabilization and positive one indicate de stabilization.
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CHAPTER 5: Design of an assay for transglycosylase
/hydrolase activity measurements for  XTHS.

1.- Background.

In this work we have developed a new enzymatic assay to kinetically characterize
xyloglucan endotransglycosylases and to study their substrate specificity. This assay is
based in capillary electrophoresis. We were able to monitor ANTS labeled
transglycosylation products arising from transfer of a part of a xyloglucan
oligosaccharide donor to an ANTS labeled xyloglucan oligosaccharide acceptor
(XXXGANTS (25)).

Since XTHs were initially discovered, some of them showed different activities:
they are able to transfer a fragment of a donor to an acceptor molecule but also they
are able to hydrolyze xyloglucan molecules. Some XTHs seem to have both activities
such as a XTH from Nasturtium seed extracts*’, or a XTH from kiwifruit*® another group
of XTHs were proposed only to have hydrolytic activity such as a XTH from azuki bean

epicotyls®* "

(although conditions used there are not the most adequate to monitor
tranglycosylation activity), and the last XTHs group seems to contain only pure
transglycosylases such as a XET from cauliflower florets* and XET16A from Populus
tremula x tremuloides®’.

Recently, in a new phylogenetic analysis ot XTH gene products® it has been
proposed that XTH having hydrolase activity have evolved from xyloglucan
endotransglycosylases ancestral enzymes. In this study®®, the structural requirements
of a XTH to show endohydorlase activity have been proposed being only subtle
changes in the some loops of positive subsites. Once identified this structural
requirements they proposed some new XTH gene products as putative xyloglucan
endohydrolases, but of course further studies are needed to verify this hypothesis.

On the mechanistical point of view, both reactions (hydrolysis and
transglycosylation) are equivalent, the only difference is the acceptor molecule. When
tranglycosylation takes place another XG molecule acts as acceptor. In contrast when
hydrolysis occurs a water molecule acts as acceptor. This could let to propose that all

XTH may have both activities in higher or lower extent’”.
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One of the problems that hinder the classification of XTHs between
transglycosylase, hydrolase and mixed type ones is that these activities are measured
using completely different assays. For hydrolytic activity, different authors use methods
normally used for glycosidases (reducing ends, viscosity decrease, etc.)*>***®*" For
transglycosylase activity different methods were used as it was presented in the
introduction. Another possibility is the HPCE method designed and used in this work.
Only two different methods could be used to measure simultaneously both activities:

a) The viscometric method*® in which the decrease of viscosity of a solution of XG
due to a XTH activity (without added acceptor) is monitored to measure hydrolytic
activity. This is considered net hydrolytic activity although the XG polymer could act as
acceptor, rendering transglycosylation. And when XTH and low molecular weight
acceptor were added to XG, a measure of both hydrolysis and transglycosylation
activities is obtained.

b) The colorimetric method* in which the decrease on absorbance of a complex
between high molecular weight XG and iodine is monitored. Then, as in the former
method, when only XTH is added to the XG solution, a measure of hydrolytic activity is
obtained. And when XTH and low molecular weight acceptors are added to the XG
solution, a measure of competing hydrolysis and transglycosylation activities is
obtained.

Both methods are very similar and have the same drawbacks in measuring both
activities at the same time. Also note that both methods measure some
macromolecular properties, not molecular effects.

Recently, another activity assay based on HPAEC-PAD was published® which
allows to measure both activities at the same time: They use as substrates the
dimmers (XGOgg) arising form XG degradation (XXXGXXXG, XXLGXXXG,
XLLGXXXG, XLLGXXLG, XLLGXLLG, and isomers) and they monitor production of
XGOgc12 and XGOgs, While XGOg12 is a directe measure of xyloglucan

endotransglycosylase activity, XGOge4 is @ measure of both activities at the same time.
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We have decided to design an assay based on Fluorescence (or Forster)
Resonance Energy Transfer (FRET) to measure both activities in a single experiment.
This technology has the advantage of a high sensibility that would allow to determine
and relate both activities although one of them was very low. This methodology has
been used to monitor hydrolase enzymatic activities of different enzymes:
cellulases'™*"®, endochitinases, chitobiosidases’’, proteases'’®'®, helicases'®,
phosphatases'®'®?, etc. On the other hand, FRET has been used to measure
conformational changes, binding, etc. in more complex systems such us enzymes,
transport channels, etc.®

FRET describes a non radiative energy transfer between two fluorescent
molecules. A fluorescent donor is excited at its excitation wavelength. Then by a long
range dipole-dipole coupling mechanism, this excitation is nonradiatively transferred to
a second molecule and, as a result, the donor returns to the grown state and the
acceptor is excited. Finally this acceptor decays to the grown state by fluorescence
emission at a different wavelength (Figure 84)'®*!%  The FRET acronym can provoke
certain confusion because it is not the fluorescence that is transferred from donor two
acceptor but it is the electronic energy of the donor which is transferred to the acceptor,
therefore EET (excitation energy transfer or electronic energy transfer) or RET
(resonance energy transfer) could be most properly used to refer to this
phenomenum?®®.

Once this consideration have been done in this work the acronym FRET will be
used to refer to the nonradiative transfer of electronic energy from a excited donor to

an acceptor.

Donor Acceptor

o—

]

Energy transfer

Absorption

——

== 5 ==

Figure 84: Schematic representation of energy trans itions suffered by
donor and acceptor fluorophores resulting in a FRET event. From

http://www.mekentosj.com/science/fret/fret.html , December 2005.
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There are some conditions that determine FRET occurrence between two
molecules:
- Donor and acceptor molecules must be in close proximity (typically 10-100 A).
- The absorption spectra of the acceptor must overlap the emission spectra of the
donor.

- Donor and acceptor transition dipole orientation should be approximately parallel.

For each donor-acceptor pair, the Forster radius (R,) can be calculated
depending on the spectral properties of donor and acceptor dyes. Rq is defined as the
donor-acceptor distance at which FRET and spontaneous decay of excited donor are
equally probable (50% excited donors are deactivated by FRET)!3418°,

R, depends on:

-An orientation factor which is function of the relative orientation of the donor and
acceptor oscillating dipoles.

-The fluoresce quantum efficiency of the donor prove in absence of transfer.

-The refractive index of the medium.

-The overlap of the absorbance spectra of the acceptor and the emission spectra

of the donor.
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2.- FRET substrate design.

A XTH substrate was designed showing different FRET events depending on
which XTH activity occurs (hydrolysis or transglycosylation) (Figure 85).

Exciting at A; the donor does not emit any radiation because the energy from the
fluorophore 1 should be transferred by FRET to quencher 1 and no emission should be
produced. (the quencher is a molecule that have a wide absorbance spectra and is not

once excited, returns to the grown state without fluorescence emission).

FRET
)\1

\'.—-Z>—D

Bifluorogenic donor

¢
XET Z>—. acceptor

H,O

FRET
Alw (» A, )\1\' /\ (»)\3
@ D> o 0

= > = >

Hydrolysis Tranglycosylation
@ Fluorophore 1: Absorbance at A; and emission at A,

O Quencher 1: Absorbance at A, no emission

@ Fluorophore 2: Absorbance at A, and emission at A,

Figure 85: Schematic representation of design of FR  ET substrate to
determine XTH hydrolytic and tranglycosylase activity in a singl e

experiment.

When hydrolysis occurs the non reducing fragment of the donor molecule is
released separating fluorophore 1 and quencher 1, then irradiation at A; renders
emission at A,. So hydrolysis could be measured monitoring only emission at A, vs.
time.

When transglycosylation to the acceptor carrying fluorophore 2 occurs, and
fluorophore 1 was excited at A; the energy was transferred by FRET to fluorophore 2
which will emit at A;. Therefore transglycosylase activity could be measured by

monitoring Az vs. time.
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With this combination of substrates both activities could be measured at the same
time with only one experiment. Irradiation at A; will not give any signal when no activity
was produced, will give emission at A, when hydrolysis is produced and will give
emission at A; when transglycosylation is occurring. For that reason, intensity of
emission at A, and A; should be a direct measure of hydrolytic and transglycosylase
activity, respectively.

To design these substrates we have taken into account the generated knowledge
on XET specificity. For the donor we have proposed a XXXGXXXG (23) derived
oligosaccharide. The quencher 1 should have a reactive amine group to be introduced
on the reducing end of XXXGXXXG (23) by reductive amination taking advantage of
the hemiacetal specific reactive group. To introduce the fluorophore 1 (donor’s
fluorophore) we have proposed to couple XXXGXXXG (23) to a 4" chemically modified
cellobiose, concretely, we have proposed to use a 4-azido-4-deoxy-cellobiose,
previously used with similar purposes'™. This azido group is an inactive precursor of a
reactive amino group and a lot of commercially available fluorophores are designed to
react with amines (isothiocyanates, imidates, etc.).

Fluorophore 2 (acceptor’'s one) should present again a reactive amine group
because it is proposed to be introduced to the XXXG (10) reducing end by reductive
amination.

Structural design for substrates is presented in Figure 86. In these substrates the
distance between donor and quencher or donor and acceptor is approximately 50 A,
distance in which it is possible to observe FRET (10-100 A).

Q HO o
HO-
OH OH
o o)
OH
on o] HO o o £ o o 5 o ~ NH{Q
OH oH OH on o OH
-OH OH OH OH
OH OH OH
HO ¢}
OH
o
OH OH
o) OH
HO OH
OH OH
OH OH

Figure 86: Structure of donor and acceptor designed for XTHs FRET

assay. F1 is fluorophore 1, F2 is the fluorophore 2 and Q is the

guencher 1.
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The second step in FRET substrates design is to find the ideal combination of
fluorophores and quencher for both substrates (donor and acceptor). Fluorophore 1
(donor’s fluorophore) should absorb at a wavelength A; different from A, and As. And it
should emit at A, different from As;, and it should react with amino groups. Donor’s
guencher should have a good overlap between its absorbance spectra and emission
spectra of fluorophore 1, that is, it should absorb at A,, without any fluorescence
emission, and should contain a reactive amino group. Finally, fluorophore 2 should
absorb at A, without absorbance at A; and at the same time emit at A5 different from A;
and A,, and it should contain a reactive amino group.

The final proposal of adequate fluorophores and quencher is presented in Table
10, they were chosen taking into account their water solubility, pH dependence and

spectroscopic properties:

Flurophore-1 Quencher Fluorophore-2
Name AlexaFluor®430 BHQ-1 AlexaFluor®555
Provider Invitrogen Biosearch Technologies Invitrogen
Me.
O&LO \©\N Me
o NO, A
$=0
Structure o s N//N\@
3 N o] o]
N P~
(CHCH,),NH CH,50, CF KL
NH,
A max
430 nm 534 nm 555 nm
absorbance
Range of
480-580 nm
absorbance
A max
o 545 nm 572 nm
emission
Table 10: Structures and spectroscopic properties o f proposed

fluorophores and quencher.

The problem is that all of them are very expensive and are sold in little quantities,
making impossible to obtain them for normal chemical reactions.
For that reason it has been decided to design another substrate to use it as proof

of concept, using more reasonable proves.
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3.- FRET substrate design Il.

In this second design, hydrolase and tranglycosylase activities will be measured
in two different assays.

Donor substrate will have a fluorophore in the reducing end and a quencher in the
non reducing end (Figure 87).

When the activity assay is done without acceptor we would monitor the hydrolytic
activity, measuring emission at A, vs. time. When the activity assay is performed with
acceptor we would monitor the hydrolytic + transglycosylase XTH activity, measuring
emission at A, vs. time (Figure 87). With both experiments we would be able to obtain

comparative measures of hydrolytic and transglycosylase activity of different XTHs.

Bifluorogenic donor

H,O

XET -~ >

Coeyh s
> @ = @

Hydrolysis Tranglycosylation

@ Fluorophore 1: Absorbance at A; and emission at A,
O Quencher 1: Absorbance at A, no emission

Figure 87: Schematic representation of second desig n of FRET
substrates to determine  XTH hydrolytically and tranglycosylase

activity.
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The proposed substrate, similar to which it has been proposed in FRET
substrate design I, was Q-NH-GG-XXXG-XXXG-F presented in Figure 88.

Figure 88: General structure of proposed bifluoroge nic donor. Q is the

guencher and Fl is the fluorophore.

In the search for different fluorophores / quenchers, it has been chosen the
commercially available fluorophore: 5-((2-aminoethyl)amino)naphthalene-1-sulfonic
acid, sodium salt (EDANS) and two possible quenchers able to react with amino
groups: 4-dimethylaminoazobenzene-4’-isothiocyanate (DABITC) and Fluorescein
isothyiocyanate Isomer | (FITC) (Table 11). The latter is normally considered a
fluorophore but at low pH (pH 5.5, maximum activity of Ptt-XET16A) it seems not to be
very fluorescent and maybe it can be used as quencher.

Combinations of EDANS and DABITC (or other derivatives) and fluorescein
were widely used for proteases substrates or DNA probes'®. Although the R
described for these FRET pair is 41 A (EDANS-DAB) and 44.5 A (EDANS-

fluorescein)'®

and the distance between fluorophore and quencher in the designed
substrate is approximately 50 A, it is expected that some quenching occurs and we

should be able to detect an increase in fluorescence.
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Quencher ,
Fluorophore 1 ) Quencher option2
optionl
Name EDANS FITC DABITC
NH2 O% " OH H3(%N7(:H3
" S J
HOOC N=N
Structure OO O /\\)/ a
i
N
SOsNa i ) //c//
A max
335 nm 490 nm 460 nm
absorbance
A max
o 498 nm 514 nm None
emission
Table 11: Structure and spectroscopic properties of chosen

fluorophore and quenchers.

The retro-synthetic strategy proposed to obtain this substrate is presented in

the Scheme 48. The final product can be obtained by labeling the nonreducing end

amino group of 73 with the adequate quencher (DABITC or FITC), this amino group

can be obtained from the azido derivative of 72. This compound (72) can be obtained

by a concurrent synthetic strategy by enzymatic coupling of two building blocks: the

fluoride of the azido derivative of cellobiose (74) with the labeled tetradecasaccharide

(70).

The labeled tetradecasaccharide can be obtained by reductive amination with
EDANS of the tetradecasaccharide 23. XXXGXXXG (23) can be obtained from XG

polymer from Tamarind seeds as it is described in this work.

The 4-azido-4-deoxy-cellobiosyl fluoride (74) can be synthesized from lactose

as described by Baer et al
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Scheme 48: Retro synthetic analysis of the bifluoro genic donor. Q is
the quencher (DABITC or FITC) and Fl, the fluoropho re (EDANS).

Therefore, this convergent synthesis was done in three blocks: 4-azido-4-

deoxy-cellobiosyl fluoride (74) synthesis, XXXXGXXXG-EDANS (70) synthesis,

coupling of these building blocks and final labeling.
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4.- Synthesis of FRET substrates.

4.1.- Synthesis of 4-azido-4-deoxy-cellobiosyl fluo  ride (74).

The first part of the synthesis is the obtaining of the of 4-azido-4-deoxy-
cellobiosyl fluoride (74), following the synthetic pathway described previously*’
(Scheme 49).

In detail, starting from lactose we are able to obtain the diol 62 in three steps, as it
was described by Baer et al."®” in 45% overall yield.

First step is the selective protection of 4", 6" with an isopropylidene group using
dimetoxypropane in DMF/H" to obtain 60, followed by complete hydroxyl acetylation by
Ac,O/Py treatment obtaining 61 after purification in 56% vyield. The isopropylidene
group was removed by acidic treatment (TFA 10%), obtaining the diol 62 in 81% vyield
upon purification. Part of the totally protected starting material 61 was recovered,
because reaction was stopped before completion due to byproducts formation. All
these products were identified by TLC comparison with the corresponding standards.

The following step is the 6"-OH selective protection of 62 with a benzoate group

using 1-(benzoyloxy)-benzotriazole'®®

obtaining 63 in 43% vyield after purification.
Another product with the same molecular mass but different Rf was also isolated. It
was proposed to be 4-benzoylated isomer 64 of 63 obtained in 10% vyield.

63 and 64 were characterized by mass spectrometry obtaining a molecular
mass [M+Na] of 721, theoretical 721.63. The product of interest 63 was characterized
by NMR: in the 'H-NMR spectra a multiplet at 8.04-7.46 corresponding to aromatic
protons of benzoil group was observed which indicates the presence of benzoil group.
One singlet at 6.22 ppm and one doubled (J;,=6Hz) at 5.65 ppm were detected
corresponding to anomeric protons of Glc' of both isomers a and B, respectively. One
multiplet was detected between 2.13-1.15 ppm corresponding to 18 protons from 6
acetyl groups demonstrating that 6 hydroxyl groups were acetylated. In the *C-NMR
spectra different signals were observed: between 170.3 and 166.3 signals of CO group
of acetyls and CO from benzoyl group; between 133.6 and 128.6 signals of aromatic
carbons of benzoyl group; at 101.1 ppm Gal anomeric carbon’s signal; at 91.6 and
89.0 signal of Glc anomeric carbon for a and B isomers; between 75.5 and 61.4 ppm

signal of carbohydrate ring carbons.
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Scheme 49: Synthesis of protected 4-azido-4-deoxy- a-D-cellobiosyl
fluoride (74).
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The 4" position of compound 63 was activated with a triflate group which was
displaced by sodium azide in HMPA®®, obtaining a mixture of products 66 and 67 as
confirmed by mass spectrometry (746 and 704 respectively), both presenting the azido
group. Soli et al. ** have described the substitution of the triflate group by azide but
they have observed simultaneously deprotection of the anomeric position. In our case,
this anomeric deprotection was not totally achieved although reaction times,

temperatures, and reagents concentration were increased.

Anomeric position of product 66 was deprotected to obtain only product 67 by

hydrazine acetate treatment®

obtaining the product 67 with an overall yield of 48%
from product 63. 2,3-di-O-acetyl-4-azido-4-deoxy-6-benzoyl-B-D-glucopyranosyl-
(1>4)-2,3,6-tri-O-acetyl-a/B-glucopyranose (67) was identified by NMR: 'H-NMR
spectrum showed between 8.07 and 7.47 ppm a multiplet which correspond to the 5
aromatic protons of benzoil group, at 5.48 ppm a triplet (J;,=9.8 Hz) and at 5.34 ppm a
doublet (J,,=3.6 Hz) were observed which correspond to anomeric proton of Glc® and
GIc™ respectively. Finally between 2.09 and 1.89 a multipled was observed
corresponding to the 15 protons of 5 acetyl groups. In the *C-NMR spectrum a
multiplet between 170.9-166.1 ppm was observed which corresponds to the 6 carbonyl
carbons of five acetyl and one benzoyl groups, another multiplet between 133.8 and
128.8 ppm was observed corresponding to 6 aromatic carbons of benzoyl group. Three
anomeric carbons were identified at 100.8 ppm corresponding to C-1 of Glc" and at
95.4 and 90.2 corresponding to C-1 of Glc'“"®. Between 62.0 and 61.8 ppm signals

assigned to C-6 of Glc™" were observed and finally, the signal at 60.1 ppm was
assigned to C-4 of Glc" which demonstrates introduction of azido group at C-4. 67 was
also characterized by mass spectrometry obtaining a molecular mass [M+Na] of 704,

theoretical 704.6.

Finally, the azido derivative was activated for transglycosylation as a-fluoride by
initial fluorination with DAST** followed by isomerization with HF/Py. First step, DAST
fluorination, rendered the a/f mixture 68 identified by NMR: in the *H-NMR spectra the
doublet of doublets (dd) at 5.62 ppm (J;,=2.7 Hz and J,=53.7 Hz) and the dd at 5.29
ppm (J1,=5.4 Hz and J,£=58.2 Hz) corresponding the anomeric proton of Glc'*"
respectively, demonstrated the introduction of fluoride atom in a and B configuration
(0.27:0.73 ratio). This a/B mixture (68) was characterized by mass spectrometry

obtaining a molecular mass signal [M+NHjs] of 701, being the theoretical 701.6.
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192 rendered the a anomer 69 in

Second step, fluoride isomerization with HF/ Py
an overall yield of 65% from 67. Per-O-acetylated a-4"-azido-4"-deoxy-cellobiosyl
fluoride (69) was identified by NMR, detecting its characteristic signals: in the *H-NMR
spectra it was observed at 5.65 ppm the dd (J,,=2.7 Hz and J;=53.1 Hz)
corresponding to the anomeric proton of a-glucosyl fluoride, also signals corresponding
to 5 aromatic protons of the benzoyl group (8.07-7.48 ppm) and to 15 protons from 5
acetyl groups (2.07-1.86 ppm) were observed. In the *C-NMR spectra the signal
corresponding to C-4 of Glc" substituted with and azido group was detected at 60.0
ppm. Signals of benzoyl aromatic carbons (133.6-128.7 ppm), benzoyl (165.9 ppm)
and acetyl carbonyls carbons (170.4-169.6), Glc' anomeric carbon (103.6 ppm,
Jcr=218 Hz) and Glc" (100.6 ppm) were also identified. This a-fluoride 69 was also
characterized by mass spectrometry obtaining a [M+Na] of 706, theoretical 706.6.

The a-fluoride 69 was fully deprotected by sodium methoxyde/methanol
treatment obtaining 74 quantitatively. 74 was characterized by mass spectrometry: a
molecular mass plus sodium of 392 was obtained which is equivalent to expected

molecular mass (392.3).

4.2.- Synthesis of XXXGXXXG-EDANS (70)

4.2.1.- Synthesis of XXXGXXXG (23).

The tetradecasaccharide XXXGXXXG (23) was obtained in this work using both
methodologies presented in chapter 5 (p. 79) (Scheme 50). Using first methodology,
controlled degradation of XG with cellulase from T. reesei and B-galactosidase from
A. niger, XXXG (10) and XXXGXXXG (23) were isolated in 12% and 7 % yield
respectively.

XXXG (10) was characterized by mass spectrometry obtaining a molecular
mass [M+Na] of 1085.31 (theoretical 1085.3) and NMR which match with presented by
Régis Fauré™*®. Most representative signals in these NMR spectra are: 'H-NMR: at
5.21 and 4.64 ppm two doublets, with J; ,=3.6 and 7.8 Hz respectively, counting for 1 H
together, corresponding to anomeric protons of a and B isomers of XXXG (10). At 4.92
ppm a complex sighal was observed, having a relative area of three, corresponding to
anomeric signals of xylosyl groups, and finally at 4.54 ppm another complex signal,
having a relative area of three, corresponding to the anomeric signals of glucosyl
groups (Glc"" @ M B3C.NMR: At 102.3 and 102.0 ppm a complex signal

L1,V

corresponding to anomeric carbons of Glc , at 98.3 ppm a complex signal
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corresponding to anomeric carbons of XyI"", at 97.8 ppm a signal corresponding to C-

1 of Xy, and finally at 95.2 and 91.3 ppm two signals corresponding to C-1 of Glc

' respectively.

Cellulase
T. reesei
XG polymer ——————> XXXG + XXXGXXXG
B-galactosidase
A. niger 10 23
Cellulase
T. reesei X AC0TPY — (AcO),,
B-galactosidase j X)]%(G (XXXG)
A. niger 15
NH,NH30A
DAST
(A (XX G)-1-a/p-F ~————— A% xxG)-1-0H
35 34
HF/Py
MeONa/MeOH
(AOhs (% XX G)-1-0-F > XXXG-1-0-F
33 36
Cel7B E197A
glycosynthase
H. insolens
1 XXXG-1-a-F + 5 XXXG > 4 XXXG + XXXGXXXG

Scheme 50: XXXGXXXG (23) synthesis using both meth odologies

133,146

proposed by Régis Fauré

I8 and

Using second methodology, per-O-acetylated XXXG (15) was isolated from the

reaction crude of extensive degradation of XG with cellulose from T. reesei and

B-galactosidase from A. niger followed by acetylation in 40% vyield as it was presented

in chapter 2 (p. 70).

In this work, obtaining of XXXGaF (36) by anomeric deprotection, DAST

fluorination, HF/Py anomerization and total de-O-acetylation was achieved with 42%

yield from 15 over four synthetic steps.

XXXGaF (36) was coupled with XXXG (10) using the E197A Cel7B synthase
maintaining a minimum molar ratio of 1:15 36:10, by three different additions of 56
pmols of 36 in a solution of 860 ymols of 10. XXXGXXXG (23) was obtained after

normal phase chromatography in 91% vyield, all XXXG (10) in excess was recovered.

168



XXXGXXXG (23) obtained with both methods was characterized by mass
spectrometry obtaining a molecular mass [M+Na] of 2129.56 (theoretical 2129.7) and
by NMR which is equivalent to those obtained by Régis Faure®: in the 'H-NMR
spectrum, the signal at 5.22 and 4.65 (J,,=3.6 and 7.8 Hz respectively) correspond to
anomeric protons of o and B isomers of 23. Signals corresponding to H-1 of 6 a-xylosyl
groups and 6 B-glucosyl groups were observed at 4.93 and 4.53 ppm respectively. In

ILILIV,V,VILVII and VI were observed at

the *C-NMR, signals of anomeric carbons of Glc
102.3 and 102.0-101.9 ppm. Signals of anomeric carbons of Xy|"!"V:ViVil and VIl e re
observed at 98.3-97.8 and 95.2 ppm, and signals of C-1 of Glc® 2" were observed at

95.2 and 91.3 ppm respectively.

4.2.2.- EDANS labeling.

The tetradecasaccharide (23) was labeled with EDANS by reductive amination,
reaction extensively used for analytical labeling of carbohydrates. This reaction is very
sensitive to pH. At basic pH the reaction does not progress because there is an acid
dependant step, but at pH<3 there is a competing reaction, reduction of carbohydrate

to render de alditol (Scheme 51)*9%%,

OH H
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Scheme 51: Mechanism of reductive amination of carb  ohydrates and

competing reactions.
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EDANS labeling of XXXGXXXG (23) was especially difficult due to EDANS
insolubility at acidic pH, and the difficulty to control apparent pH of reaction taking into
account it consumes H* and reaction stops at high pH values. Different combinations of
solvents were evaluated (water/DMF/AcOH and water/THF/AcOH), obtaining quite
similar results. Finally, the later one was used, regulating pH near 4-5 by addition of
AcOH.

After reaction, main impurities of EDANS labeled tetradecasaccharide 70 were
excess of EDANS and tetradecasaccharide alditol 71 (Scheme 52).
XXXGXXXGEDANS (70) was purified from excess EDANS by normal phase
chromatography and from XXXGXXXG alditol (71) by reverse phase chromatography
obtaining 70 in 36% yield. XXXGXXXGEDANS (70) was characterized by mass
spectrometry obtaining a molecular mass [M+Na] of 2401.7 matching exactly with

theoretical molecular mass.

o 0o SO3Na|
OH
M o OH OH OH .
H H Q o Q OH
HO. o H fo) d # OH g o OH
ey - 0 — d Tro NH———
o o o o OH
OH OH OH
o OH
o o 70 oH OH
+

Scheme 52: EDANS labeling of the tetradecasaccharid e XXXGXXXG
(23)
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4.3.- Coupling of 74 with 70 and final labeling.

The XXXGXXXG-EDANS (70) was coupled with the 4-azido-4-deoxy-a-D-
cellobiosyl fluoride (74) using the E197A Cel7B synthase (from H. insolens)
(Scheme 53) and purified by reverse phase chromatography. The coupling product 72,
isolated in 83% vyield, was characterized by mass spectrometry obtaining a molecular
mass [M+Na] of 2751.7 (theoretical 2750.8).
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Ho o d + Ho o J H o
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o oH
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Scheme 53: Coupling of XXXGXXXGEDANS (70) and 4-azi do-4-deoxy- a-

D-cellobiosyl fluoride (74) and posterior modificat ion of azido group to

amino group.

After that, the azido group of 72 was reduced to amino group by H,S in
Py/H,0'*® obtaining 73 in 97% yield (Scheme 53), which was characterized by mass
spectrometry obtaining a molecular mass [M+Na] 2725.41 (theoretical 2724.86). 73
was used without further purification for coupling with the correspondent isothiocyanate
label (FITC or DABITC)*".

DABITC and FITC labeling are widely described for oligonucleotides and
protein labeling where is not necessary to assure total labeling or extensive purification
of labeled product. However, some examples describe preparative DABITC or FITC
labeling of carbohydrates. Concretely, Cottaz et al. and Boyer et al. used
DMF/NaHCO; (aq) to label similar deoxy-azido carbohydrates with DABITC with

174,177

acceptable yields . Similar conditions were used to FITC (Scheme 54) and

DABITC (Scheme 55) labeling of 73.
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Scheme 54: Fluorescein labeling of NH  ,-GGXXXGXXXG-EDANS (73)
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Scheme 55: DAB labeling of NH ,-GGXXXGXXXG-EDANS (73)

Preliminary experiments varying temperature showed, by TLC, the formation of
at least two different saccharidic products for each labeling reaction. DAB labeled
product (76) was detected by mass spectrometry in partially purified fractions of
reaction crude, in contrast, fluorescein labeled product (75) was not detected in any
partially purified fraction of its reaction crude.

For that reason, we have decided to continue the synthesis only to obtain the
DAB-GG-XXXG-XXXG-EDANS (76) substrate.
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A lot of difficulties were found on purification of this product. Normal phase
chromatography, reverse phase chromatography and gel filtration chromatography
were assayed and only using the last one both carbohydrate reaction products could
be isolated.

As conclusion it could be stated that DAB labeling of
NH,-GGXXXGXXXG-EDANS (73) was achieved in 21 % yield. DAB-GG-XXXGXXXG-
EDANS (76) was characterized by mass spectrometry obtaining a molecular mass
[M-Na]=2963.01, theoretical 2962.79.
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5.- Ptt-XET16A FRET assays.

5.1.- Preliminary fluorescence assays with 76.

Once the FRET substrate synthesis was achieved, it has to be demonstrated if
this substrate was adequate to measure both hydrolytic and transglycosylation
activities.

First of all, determination of absorbance and emission spectra of
XXXGXXXGEDANS (70), and absorbance spectra of DABITC were done as it is
showed in the following picture (Figure 89). It can be observed that DABITC absorbs at
maximum emission wavelength of 70. Therefore, if distance and orientation conditions

are accomplished, FRET quenching was expected to occur.
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Figure 89: UV absorbance spectra of DABITC (dashed) , fluorescence
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5.2.- Fluorescence characterization of FRET substra te 76.

Comparing intensity of emission at 485 nm of XXXGXXXG-EDANS (70) and
DAB-GGXXXGXXXG-EDANS (76) (Aexc=345 nm) (Figure 90), FRET efficiency was
calculated (E=1-1/1, where | and |, are the fluorescence intensities of 5 yM solutions of
76 and 70 respectively at 485 nm). Surprisingly, it was obtained a FRET efficiency of
0.97 which was unexpectedly high taking into account the distance between DAB and
EDANS group in substrate 76 (50 nm approximately) and FRET efficiencies described
for shorter substrates 0.91 (25 A between DAB and EDANS labels)'”".
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Figure 90: Emission spectra for XXXGXXXG-EDANS (70) and DAB-
GGXXXGXXXG-EDANS (76) (Aexc= 345 nm (10 nm slit), Acn= 485 nm
(5 nm slit)).
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5.3.- Kinetic assays using DAB-GGXXXGXXXG-EDANS (76 ).

Different conditions (substrate concentration, enzyme concentration, etc.) were
assayed to measure Ptt-XET16A hydrolytical and transglycosylase activities using 76

and 76+10 as substrates respectively (Scheme 56) as it is described in Table 12.

o0 =
*Mwimwﬁ@gfﬁwﬁ

PttXET16A

Scheme 56: Ptt-XET16A catalyzed hydrolytic and transglycosylase
reaction with DABGGXXXGXXXGEDANS (76) substrate.

DABGGXXXGXXXGEDANS e
(76) (M) (10) (M) [Ptt-XET16A] (M)
2 0 03
° 0 03
-0 0 03
2 5 0.3
° 5 0.3
2 25 03
° 25 03
10 25 03
° 25 0.03
° 25 0.003

Table 12: FRET experiments performed at different s ubstrate and
enzyme concentrations (excitation wavelength 345 nm emission

wavelength 485 nm)

176




Unfortunately, we are not able to detect a significant increase in fluorescence

intensity in any experiment done.

Three hypothesis were proposed to explain these negative results:

- DABGGXXXGXXXGoI-EDANS (76) is not substrate for Ptt-XET16A
- The byproduct of Ptt-XET16A reaction with DABGGXXXGXXXG-EDANS (76)

(XXXG-EDANS) is not fluorescent.

- Fluorescence of XXXG-EDANS is quenched by some component of the

reaction mixture.

To discard any intramolecular quenching phenomena (between reaction

byproduct XXXG-EDANS and another

reaction-mixture component such as

Ptt-XET16A and/or XXXG (10) and/or buffer), fluorescence intensities at 485 nm
(excitation 345 nm) of different concentration of XXXGXXXGEDANS (70) adding
different reaction components (XXXG (10), Ptt-XET16A, buffer) were recorded.

[XXXGXXXGEDANS (70)] | Citrate:phosphat [Ptt- [XXXG(10)] | Fluorescence
(MM) e buffer (mM) XET16A] (MM) intensity
(HM)

5 - - - 4326997

5 50:50 0.3 25 4572187
0.5 - - - 396370
0.5 50:50 0.3 25 373290
0.05 - - - 40480
0.05 50:50 0.3 25 43370

Table 13: Fluorescence intensities at 485 nm (excit

ation 345 nm)

XXXGXXXG-EDANS (70) solutions in water and XXXGXXXG -EDANS (70)
+ 0.3 M Ptt-XET16A + 25 pM XXXG (10) solutions in citrate phosphate
buffer 50 : 50 mM pH 5.5 30°C.

Fluorescence intensity variations detected in the intramolecular quenching
experiments, due to the addition of 0.3 uM Ptt-XET16A, 25 pM XXXG (10), and
citrate:phosphate buffer 50:50 mM pH 5.5 I=0.5 M, were within £7 % assignable to

experimental variability, therefore intramolecular quenching was discarded.
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To demonstrate that XXXG-EDANS is a fluorescent product, a hydrolytic reaction
on DABGGXXXGXXXG-EDANS (76) using a cellulase from Trichoderma reesei and a
cellulase from Aspergillus niger were monitored by fluorescence emission. No increase
in fluorescence intensity at 485 nm was detected, reaction mixtures were analyzed by
TLC and no fluorescent spot was detected although two saccharidic spots were

observed.

In accordance to these results and taking into account that we have observed
fluorescence since the isolation of 76, it was proposed that in the last reaction step
(DAB labeling) or in the purification protocol used to obtain 76 something was

happened to EDANS label provoking that it lost its fluorescence.

As conclusion, although DABGGXXXGXXXG-EDANS (76) was synthesized and
characterized by mass spectrometry, something had happened to the EDANS label
that makes it no longer fluorescent. For that reason, we are not able to demonstrate if
DABGGXXXGXXXG-EDANS is an adequate substrate to monitor hydrolytical and

transglycosylase activities of XTHs or not.
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CONCLUSIONS:

The presented work was done in the Institut Quimic de Sarria within a the
European project E.D.E.N. to study the xyloglucan endotranglycosylase Ptt-XET16A

from Populus tremula x tremuloides.

1. Ptt-XET16A gene was cloned into two plasmids for expression in Escherichia

coli, pD62XEt16A and pET15XET16A. All expression attempts were unsuccessful.

2. On the search of new activity assays to monitor xyloglucan endotransglycosylase
activities (XET), different substrates were synthesized and evaluated as putative
substrates for Ptt-XET16A:

a) A mixture of 8-aminonaphtalene-1,3,6-trisulphonic acid (ANTS) labeled
xyloglucan oligosaccharides (XGOs) was obtained in 6% overall yield from
xyloglucan and was proved to be an acceptor substrate for Ptt-XET16A using
xyloglucan as donor. The XGOs-ANTS (25, 26+27, and 28) mixture was used to
optimize a new activity assay based on high performance capillary electrophoresis

(HPCE) to monitor XET activity using low molecular weight substrates.

b) The B-fluorides GGBF (1, 87% yield), XGBF (2), and XXXGBF (14, 12% vyield)
were synthesized and evaluated as putative new donor substrates using the
developed HPCE assay and a fluoride selective electrode method but none of them
were substrates for Ptt-XET16A.

C) Different ~ xylogluco-oligosaccharides  (XGGG(18), XGXGGG(19),
XGXGXGGG (20), XXXGGG (21), XXXGXXXGGG (22), XXXGXXXG (23) and
XXXGXXXGXXXG (24)), synthesized by Régis Fauré at CERMAV, were evaluated
as putative Ptt-XET16A donors using the developed HPCE assay and only with
XXXGGG, XXXGXXXG and XXXGXXXGXXXG some XET activity was detected.

d) XXXGANTS (25) was synthesized in a semi preparative scale from
xyloglucan in 22% vyield, being the first published description of semi-preparative
synthesis of ANTS labeled oligosaccharides. This labeled substrate was used as
standard acceptor for Ptt-XET16A catalyzed transglycosylation of a large set of low

molecular weight donors.
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3. Ptt-XET16A was kinetically characterized using the developed HPCE assay with
XXXGXXXG (23) and XXXGANTS (25) as donor and acceptor substrates respectively.
Maximum activity was found between pH 5.0-5.5 and 30-40 °C.

It is demonstrated that Ptt-XET16A follows a ping-pong bi bi kinetic mechanism,
where acceptor (XXXG-ANTS(25)) acts as competitive inhibitor of donor binding to the
free enzyme and donor (XXXGXXXG(23)) acts as competitive inhibitor of acceptor
binding to the acceptor subsites of glycosyl-enzyme intermediate. The Kkinetic
parameter obtained were: : K., = 0.45 + 0.04 s, Kuag =0.37 £ 0.09 mM , Kyc=1.9 %
0.3 mM, K og=1.0 £0.1 mM, and K,c = 1.5+ 0.4 mM. However, side reactions such as
donor self-condensation and product elongation causes some deviation from the model
at high donor:acceptor concentration ratio.

Ptt-XET16A ping-pong bi bi kinetic mechanism was demonstrated again using the
standard acceptor XXXG-ANTS (25) and a non-reducing-end-blocked donor
(GalGXXXGXXXG (38)) as substrates to avoid putative side reactions (donor
polymerization and product elongation). In this case, only competitive acceptor
inhibition obtaining a simpler kinetic model with the following kinetic parameters:
Kea=4.8 £ 0.3 5, Kyag=2.8 £ 0.2 mM, Kyc= 1.1 +0.1 mM and K,c= 1.7 + 0.2 mM.

4. A library of xylogluco-oligosaccharide donors was designed to study Ptt-XET16A
substrate specificity with the final objective of mapping the subsites in the binding cleft.
This donor library was synthesized by Régis Fauré at CERMAV.

a) After identification of the transglycosylation products using the standard
ANTS-labeled heptasaccharide acceptor (XXXGANTS (25)) and different xylogluco-
oligosaccharide donor substrates it is concluded that:

i) The donor scissile bond for transfer to the acceptor is always the
glycosidic bond at an unbranched glycosyl unit: if more than one unbranched
glycosyl unit is present in the donor, different transfers can be observed.

i) Binding affinity is higher for xyloglucan like structures on positive
subsites than in negative ones, therefore substrates with xyloglucan-like
structures to be located in positive subsites are better donors than their isomers

having this XG-like structure to be located in negative subsites.
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iii) Donors that have consecutive non-branched glucosyl units and at the
same time are good substrates render different products which arise from bond
cleavage at each unsubstituted glucosyl unit, except for the terminal glucosyl
unit on the non-reducing end.

iv) Oligomerization reactions arising from multiple transfers were observed
for good substrates because the first transglycosylation product is accumulated

in enough concentration to compete with the acceptor.

b) Steady state kinetics with donors within the library and the standard acceptor
(XXXG-ANTS (25)) render k../Ky values for each donor. Thermodynamic cycles
were constructed relating different donors and the contribution of individual subsites
to transition state stabilization was calculated as the difference in transition state
activation energy between two substrates (AAG?) differing in the occupancy of the
evaluated individual subsite. Contribution of each subsite to transition state

stabilization is summarized in the following figure (as AAG” in kcal/mol).

Glc - Glc 4 Glc - Glc 1,Glc = Glc - Glc — Glc — Glc - Glc -
...... e

-05 -05 [|-21 |[-15 [~o][~0]
-0.6 -0.8
S A2 | | I | BN B o I o | B o | I o V4

5. A new activity assay to monitor hydrolase and transglycosylase activities of
XTHs based on fluorescence resonance energy transfer (FRET) was designed. The
bilabeled FRET substrate DAB-GGXXXGXXXG-EDANS (76) was synthesized and
characterized by mass spectrometry. However, it could not be demonstrated if it is an
adequate substrate to measure XTH hydrolase and transglycosylase activities,
because the fluorencent properties of EDANS label were lost during substrate

synthesis.
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EXPERIMENTAL PART

1.- Cloning of Ptt-XET16A for Escherichia coli expression.

1.1.- Molecular biology general methods.

1.1.1.- Competent cells preparation.

The calcium chloride method described by Sambrook et al. is used™" .

From one single colony, a 3 mL 2YT culture (200 pug/ml ampicillin) is prepared
and incubated at 37°C and 300 rpm O.N. 300 ul from this culture is inoculated to 50 mL
2YT media (200 pg/ml ampicillin) until optical density is 0.3 at 600 nm. Then, the
culture is cooled at 0°C during 20 minutes, it is centrifuged at 3000 rpm, at 4°C during
10 min. Supernatant is eliminated and pellet is resuspended in 15 mL CaCl, 50 mM at
4°C, suspension is maintained at 4°C during 15 minutes, before 3000 rpm
centrifugation at 4°C during 10 minutes, supernatant is again eliminated and pellet is
resuspended in 3 mL CaCl, 50 mM at 4°C. Competent cells obtained can be stored at
4°C or prior addition of 15% glycerol at -20°C.

1.1.2.- Competent cells transformation.

The heat-shock transformation protocol described by Sambrook et al. is
used197,198.

In a tube containing 100 pl competent cells, 50 ng plasmidic DNA are added,
and mixture is softly stirred. This tube is incubated 30 min at 0°C, followed by a heat-
shock (2 min at 42°C) and again it is incubated at 0°C during 5 min. 300 mL 2YT media
(200 pg/ml ampicillin) were added to transformed cells. This culture is incubated 45 min
at 37°C and 200 rpm. Finally transformed cells are passed on a LB plate (200 pg/ml

ampicillin) and are incubated O.N. at 37°C.
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1.1.3.- Sterilization.

Autoclave:

Liquid media and material are steam-sterilized in an autoclave at 121°C during
15 min.

Filtration:

Solutions of labile reagents are sterilized by filtration thought a 0.22 ym filter

and stored in sterile containers.

1.1.4.- Agarose gel electrophoresis.

Agarose gel electrophoresis allows DNA fragments separation depending on
their mobility in a gel under electric field influence. Resolution depends on agarose
concentration. Mobility of a DNA fragment is proportional to the logarithm of its
molecular weight and it is possible to determine the molecular weight by comparison
with a commercial available molecular weight standard.

Standard DNA fragments in this work are within 800-7000 base pairs (bp), then,
agarose concentration is varied from 0.8 to 1.2 % by weight.

TAE buffer is used in electrophoresis, adding 5 pg/ml ethidium bromide.
Ethidium bromide is a fluorescent molecule which is able to insert itself between DNA
bases and allows observation of DNA fragments under UV light (312 nm). Charge
buffer was used to charge samples into the gel.

TAE buffer 50x: 242 g Tris-base, 57.1 mL concentrated AcOH, 100 mL EDTA
0.5 M (pH 8.0) in a total volume of 1 liter.

Charge buffer 10x: 500 mg glycerin, 200 uyL EDTA 0.5 M (pH 8.0), 100 yL SDS
10%, 200 uL bromphenol blue (Merck, 12.5 mg/ml), 200 uL xilencianol (Eastman
Kodak) and adjust volume to 1 ml.

DNA molecular weight markers Il and IV from Boehringer Mannheim Gmbh.
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1.1.5.- DNA quantification.

DNA concentration is determined by comparative electrophoresis with standard
markers, when the quantity and/or purity of DNA are low.
DNA concentration is also determined by absorbance at 260 nm, when samples

are pure and high concentrated.

1.1.6.- DNA restriction digestion.

Digestion of DNA fragments with restriction endonucleases is done at 37°C
during from 1h to 24 h, with the adequate mixture of reagents, following provider
instructions. Restriction enzymes, buffers and additives (BSA) from New England
Biolabs and Boehringer Mannheim are used.

Digested fragments are analyzed by agarose gel electrophoresis or purified by

the same technique followed by extraction of fragments from agarose gels.

1.1.7.- Extraction of DNA fragments from agarose gels.

The kit Geneclean spin purchased at Biol101 is used. It consists in the addition
of a glass milk solution on the gel in a spin filter, cleaning of glass milk by centrifugation
and elution of purified fragment from it.

Ultrafree-DA purification kit from Millipore is also used. It consist in a filter that

retains agarose and DNA passes through it.

1.1.8.- DNA sequencing.

Sequencing is done following Sanger method'®®, using dideoxinucleotides
labeled with different fluorophores depending on the base, provided in BigDye
terminator v2 kit from ABI Prism, PE.

In a autoclaved Eppendorf tube the following components are poured: 1 pL
DMSO 50%, 4 pL (200 ng) dsDNA to be sequenced, 1.5 pyL primer 5 pmol/ul, 9.5 pyL
autoclaved water and after heating mixtures for 5 minutes at 98°C 4 yL of the Premix
from the Kkit.
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Reaction mixture is incubated in a PCR machine as it is described in the

following table:

Denaturing 3 min 94 °C
30 cycles Denaturing 30s 96 °C
Hybridizing 15s 50 °C

Elongation 4 min 60 °C

Storage Till 24h 4°C

Table 14: PCR program for DNA sequencing

Once finished PCR program, dNTPs in excess are eliminated as follows: 18 uL
of reaction crude are poured in a new Eppendorf tube, then 19 uL water and 61 pL
EtOH are added. Mixture is cooled for 10 min in an ice-bath, centrifuged at R.T. during
20 min at 13200 rpm and supernatant is eliminated by aspiration. 200 yL of EtOH 70%
are added to pellet, and centrifuged again 2 min at 13200 rpm, supernatant is
eliminated by aspiration. Pellet is dried in a desiccator and samples are send to Servei

Cientific tecnic de la Universitat de Barcelona to be sequenced.

1.2.- pET15b-XET16A construct.
1.2.1.- Amplification of Ptt-XET16A gene from pPIC9-Ptt-XET16A.

Stocks: All reagents were dissolved in previously sterilized Milli-Q water.
INNdelXET sequence: GGAATTCCATATGGCTGCCCTGAGGAAGCC.
FiBamHIXET sequence: CGCGGATCCTTATATGTCTCTGTCTCTCTTGC.

Concentration Provider

Oligol: InNdelXET 10 mM (97.4 pg/ml) Thermo

Oligo2: FiBamHIXET 10 mM (102.3 ug/ml) Thermo
pPIC9-XET16A 182.2 ug/ml KTH (EDEN partner)
Mg 10x New England Biolabs
dNTPs 10 mM New England Biolabs
Deep Vent polymerase 2000 U/ml New England Biolabs
Thermo Pol Buffer 10x New England Biolabs

Table 15: Stock concentration of reagents for PCR t o amplify
Ptt-XET16A gene from pPICOXET16A with flanking primers  to introduce

Ndel and BamHI restriction sites.

Reaction: All reagents except Deep Vent polymerase were mixed and
preheated 30 s at 95°C, after that, Deep Vent polymerase was added followed by an oil

drop and finally, PCR program is started:
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Volume (L)
Reaction | Negative
control
Water 81.7 84.7
Buffer (Thermo Pol) 10 10
Oligol: InNdelXET 2 0
Oligo2: FiBamHIXET 2 0
pPIC9-XET16A 0.3 0.3
Mg 2,4,6 2
dNTPs 2 2
Deep Vent polymerase 1 1

Table 16: Volumes of reagents added to amplify ~ Ptt-XET16A gene from
pPICI9Ptt-XET16A plasmid by PCR.

PCR program: 30 repetitions of the following sequence, and after all cycles, 5

additional minutes at 72°C:

Temperature (°C) Time (min)
94 1.25
55, 58, 60.1 1.5
72 1

Table 17: PCR program sequence.

Reaction product from amplification at 60.1°C was analyzed by analytical 2%
agarose electrophoresis at 80V. Verified product was purified by preparative 2%

agarose electrophoresis gel with Gene Clean with Spin kit.

1.2.2.- Ndel and BamHI digestion of amplified Ptt-XET16A gene
fragment and pET15b.

Ptt-XET16A gene flanked by Ndel and BamHI restriction sites and pET15b were
sequentially digested with Ndel and BamHI restriction endonucleases. First of all, Ndel
digestion was done as it is described below:

Ndel restriction enzyme (20-10° U/ml) from New England Biolabs.

NE-Buffer 4 (10x) from New England Biolabs.
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Volume (uL)
Sample DNA NEBuffer 4 Enzyme Water
NdelXETBamHI 50 6 4 0
pET15b 10 2 2 6

Table 18: Digestion of NdeIXETBamHI and pET15b with  Ndel restriction
endonuclease.

Samples were incubated at 37°C during 24 hours. After that, they were purified
by 1% preparative agarose electrophoresis and Ultrafree-DA purification kit from
Millipore to extract DNA from agarose gel, followed by concentration.

Purified fragments were digested with BamHI restriction enzyme as it follows:

Stocks:

BamHI restriction enzyme (20000 U/ml) from New England Biolabs.

NE-BamHI-buffer (10x) from New England Biolabs.

BSA (10x 1 mg/ml) from New England Biolabs.

Volume (uL)
Sample DNA NE-BamHI buffer BSA BamHI Water
NdelXETBamHI 50 7 7 6 0
pET15b 50 7 7 6 0

Table 19: BamHI digestion of NdeIXETBamHI and pET15b previously

digested with Ndel with restriction enzyme.

Samples were digested at 37°C during 24 hours. Digested fragments were
purified by 1% preparative agarose electrophoresis and Ultrafree-DA purification kit

from Millipore and concentrated.

1.2.3.- Cloning of Ptt-XET16A in pET15b.

Ligation of previously purified fragments were done during 18 hours at 16°C in a
1:10 plasmid insert ratio, using T4 DNA ligase from Boehringer Mannheim Gmbh.
DH5a Ca** competent cells were transformed with the resulting ligation reaction
product and negative control (without insert). Cells were transferred to LB media plates
supplemented with 200 pg/ml ampicillin and incubated O.N. at 37°C.

Colonies obtained were “on colony” screened for insertion using T7 promoter

and termination primers by PCR as it is described in the following tables:
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Stocks:

T7 promoter primer sequence CCCGCGAAATTAATACGACTCACTAT, from
New England Biolabs (10 mM).

T7 terminator primer sequence TGCTAGTTATTGCTCAGCGGTGGC, from
New England Biolabs (10 mM).

dNTPs mixture (10 mM) from New England Biolabs.

Deep Vent DNA polymerase (2000 U/ml) from New England Biolabs.

Thermo Pol buffer (10x) from New England Biolabs.

Volume (uL)
Sample Water Buffer T7 prom T7 term dNTP Deep Vent
Colony 1 39 5 2 2 1 1
Colony 2 39 5 2 2 1 1

Table 20: Volumes of reagents for on colony screeni  ng of insertion of
Ptt-XET16A gene in pET15b plasmid by PCR amplification of inserted

fragment.

All reagents were mixed except the polymerase and incubated 1 minute at
95°C. After that, Deep Vent polymerase was added and the following temperature

program was repeated 30 times, final elongation was done, afterwards, at 72°C during

5 minutes.
Temperature (°C) Time (min)
94 1.25
57.7 15
72 15

Table 21: PCR program sequence.

Resulting PCR products were analyzed by 2% analytical agarose
electrophoresis at 90V. 3 mL 2YT media supplemented with 300 pg/ml ampicillin were
inoculated with colonies which have shown insertion. Cultures were grown O.N. at
37°C and 250 rpm, this cultures were used to inoculate 50 mL 2YT media (300 pg/mi
ampicillin) for plasmid production. pET15b-XET16A plasmids were purified using the
Wizard Midiprep purification kit from Promega. Purified plasmids were firstly verified by
analytical restriction analysis and secondly inserted gene was sequenced using BigDye

terminator kit from ABI Prism.
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1.3.- pD6-2-Ptt-XET16A construct.

1.3.1.- Amplification of Ptt-XET16A gene from pPIC9-Ptt-XET16A.

Stocks: All reagents were dissolved in Milli-Q previously sterilized water.
InPstIXET sequence: AACTGCAGCTGCCCTGAGGAAGCC.
FiBamHIXET sequence: CGCGGATCCTTATATGTCTCTGTCTCTCTTGC.

Concentration Provider
Oligol: InPstIXET 10 mM (77.5 pg/ml) Thermo
Oligo2: FiBamHIXET 10 mM (102.3 pg/ml) Thermo
pPIC9-XET16A 182.2 pg/ml KTH
Deep Vent DNA polymerase 2000 U/ml New England Biolabs
dNTPs 10 mM New England Biolabs
Magnesium

ThermoPol buffer

New England Biolabs

Table 22: Stock concentrations to amplify
pPICOXET16A with flanking primers to introduce
restriction sites, by PCR.

Reaction: All reagents except Deep Vent polymerase were mixed and

drop and finally PCR program is started:

Ptt-XET16A gene from
Pstl and BamHlI

preheated 30 s at 95°C, after that, Deep Vent polymerase was added followed by an oil

Volume (L)
Reaction Negative
control

Water 81.7 84.7

Buffer 10 10
Oligol: InNdelXET 2 0
Oligo2: FiBamHIXET 2 0

pPIC9-XET16A 0.3 0.3
Mg 0,2,4,6 2
dNTPs 2 2

Deep Vent polymerase 1 1

Table 23: Volumes of reagents to amplify
pPICOXET16A with flanking primers to introduce
restriction sites, by PCR.

Ptt-XET16A gene from
Pstl and BamHlI




PCR program: Reaction mixtures were submitted to 30 repetitions of the

following sequence, and after all cycles, 5 additional minutes at 72°C:

Temperature (°C) Time (min)
94 1.25
59.8 1.5
72 1

Table 24: PCR program sequence.

Reaction product was analyzed by analytical 2% agarose electrophoresis at
80V. Product obtained without magnesium was purified by preparative 2% agarose
electrophoresis gel and plasmid extraction from the agarose gel with the Gene Clean

with Spin kit.

1.3.2.- Introduction of Pstl restriction site in pD6-2.

Stocks: All reagents were dissolved in Milli-Q previously sterilized water by
autoclaving:

53PstlpD62 sequence: GCAAGTGCCTCTGCAGAAACGGGCGGGTCGTTTT

35PstlpD62 sequence: AAAACGACCCGCCCGTTTCTGCAGAGGCACTTGC

Concentration Provider
Oligol: 53PstIPd62 10 mM (119.97 pg/ml)
Oligo2: 35PstIPd62 10 mM (109.27 pg/ml)
pD6-2 94.3 ug/mi
dNTPs 10 mM New England Biolabs
Pful turbo polymerase 2 U/l Stratagene
Quick change buffer 10x Stratagene

Table 25: Stock concentration of reagents to introd uce Pstl restriction

site in pD6-2 by side directed mutagenesis.

Reaction: All reagents except Pful turbo polymerase were mixed and preheated
30 s at 95°C, after that Pful turbo was added followed by an oil drop and finally PCR

program is started:
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Volume (L)

R1 R2 R3
Water 76 41.2 82.4

Buffer 10 5 10
Oligol: 53PstIPd62 25 1.13 2.25
Oligo2: 35PstIPd62 25 1.15 2.29
pD6-2 4 0.53 1.06

dNTPs 4 1 2

Pful turbo polymerase 1 1 1

Table 26: Volumes of reagent for

introduce Pstl restriction site in pD6-2.

PCR program: 16 repetitions of the following sequence:

side directed muta

genesis to

Temperature (°C) Time (min)
95 1
55 1.5
68 9

Table 27: PCR program sequence.

1 uL of Dpnl (20000 U/ml) from Quick change kit from Stratagene was added to
reaction mixture, which mixture was incubated at 37°C for 1.5 hours. Chemically
competent cells were heat-shock-transformed with 2 and 5 pL of reaction mixture and

cells were set in LB media plates with 200 pg/ml ampicillin. Plates were incubated O.N.

at 37°C, obtaining approximately 50 colonies in each plate.

Selected grown cells were passed into 3 mL 2YT media supplemented with 200
pg/ml ampicillin and incubated at 37°C and 250 rpm O.N. A Miniprep purification with
Wizard® miniprep DNA purification kit was done with this culture obtaining 50 pl of

purified pD6-2(Pstl) plasmid.

Correctness of mutation was verified by restriction analysis of PstlpD6-2

plasmid by electrophoresis at 80V of a 1% agarose gel using Pstl and EcoRl restriction

enzymes.
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1.3.3.- Introduction of BamHI restriction site in pD6-2(Pstl).

Stocks: All reagents were dissolved in Milli-Q previously sterilized water by
autoclaving:

53BamHIpD62 sequence: ACACAAAAAGATAACCGGATCCCAAAACCTGTG

35BamHID62 sequence: CACAGGTTTTGGGATCCGGTTATCTTTTTGTGT

Concentration Provider
Oligol: 53BamHIpD62 10 mM (106.5 yg/ml) Thermo
Oligo2: 35BamHIpD62 10 mM (107.0 yg/ml) Thermo
pD6-2(Pstl) 249.8 pug/ml

dNTPs 10 mM New England Biolabs
Pful turbo polymerase Stratagene

Buffer Stratagene
Table 28: Stock concentration of reagents to introd uce BamHI
restriction site in pD62(Pstl), by site directed mu  tagenesis.

Reaction: All reagents except Pful turbo polymerase were mixed and preheated
30 s at 95°C, after that, Pful turbo polymerase was added followed by an oil drop and

finally PCR program is started:

Volume (L)
Reaction | Negative
control

Water 40.5 43.4
Buffer 5 5
Oligol: 53BamHIpD62 1.17 0
Oligo2: 35BamHIpD62 1.17 0

pD6-2(Pstl) 0.3 0.3
dNTPs 1 1
Pful turbo polymerase 1 1

Table 29: Volumes of reagent mixed to introduce BamHI restriction site

in pD6-2(Pstl), by site directed mutagenesis.

PCR program: 16 repetitions of the following sequence:

Temperature (°C) Time (min)
95 1
55 1.5
68 9

Table 30: PCR program sequence.

1 uL of Dpnl from Quick change kit from Stratagene was added to each reaction

mixture and they were incubated at 37°C for 1 hour. Chemically competent cells were
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heat-shock-transformed with 2 pyL of reaction mixtures. Negative control and
transformed cells were set in LB media plates with 200 pg/ml ampicillin. Plates were
incubated O.N. at 37°C, obtaining approximately 3 colonies in each plate.

3 mL 2YT media tubes supplemented with 200 pg/ml ampicillin were inoculated
with grown colonies and incubated at 37°C and 250 rpm O.N. Plasmids from these
cultures were purified with the Wizard® miniprep DNA purification kit obtaining 50 yl of
each putative purified pD6-2(Pstl,BamHI) plasmid.

Correctness of mutation was verified by restriction analysis of putative
pD6-2(Pstl,BamHI) plasmids by electrophoresis at 80V of a 1% agarose gel using

BamHI and Pstl restriction enzymes.

1.3.4.- Pstl and BamHI digestion of amplified Ptt-XET16A gene
fragment and pD6-2(Pstl, BamHlI).

Amplified Ptt-XET16A gene with flanking primers containing Pstl and BamHI
restriction sites and pD6-2(Pstl, BamHI) were double digested with Pstl and BamHI
restriction enzymes as it is described in the following table:

Pstl restriction enzyme (20000 U/ml) from New England Biolabs.

BamHI restriction enzyme (20000 U/ml) from New England Biolabs.

NE-BamHI-buffer (10x) from New England Biolabs.

BSA (10x, 1 mg/ml) from New England Biolabs.

Volume (uL
Sample DNA | NE-BamHI buffer BSA BamHI Pstl Water
PstIXETBamHI 14 2 2 1 1 0
pD6-2(Pstl, BamHI) 14 2 2 1 1 0

Table 31: Reaction preparation to digest PstIXETBam HI and pDG6-

2(Pstl,BamHI) with Pstl and BamHI restriction endonucleanases.

Resulting reaction products were purified by preparative 1% agarose gel
electrophoresis followed by extraction of fragments from agarose gel with Gene Clean
with Spin kit from BIO101.
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1.3.5.- Cloning of Ptt-XET16A in pD6-2(Pstl, BamHI).

Purified fragments were ligated using T4 DNA ligase from Boehringer
Mannheim Gmbh as it is described in the following table, in an insert/template ratio

approximately 1:3:

Volume (uL)
Sample DNA template Buffer T4 ligase DNA insert Water
pD62XET 12 4 1 30 3
Negative control 8 1 1 0 0

Table 32: Preparation of ligation reaction of PstXE  TBamHI insert and
pD6-2(Pstl,BamHI) template.

DH5a chemically competent cells were transformed with resulting reaction
products. After that, resulting colonies were incubated O.N. at 37°C in LB + 200 pg/ml
ampicillin plates. Grown colonies were screened for insertion by “on colony PCR” as it
is described below:

Stocks were prepared dissolved in sterilized water:

FUP sequence: GTAAAACGACGGCCAGT from New England Biolabs (10 mM)

RUP sequence: AACAGCTATGACCATG from New England Biolabs (10 mM)

dNTP (10 mM) from New England Biolabs

Deep Vent Polymerase (2000 U/ml), form New England Biolabs.

ThermoPol buffer (10x) from New England Biolabs.

Volume (uL)
Sample Water Buffer FUP RUP dNTP Polymerase
Col 1l 41 5 1 1 1 1
Col 2 41 5 1 1 1 1
Col 3 41 5 1 1 1 1
Col 4 41 5 1 1 1 1
Col 5 41 5 1 1 1 1

Table 33: Preparation of PCR reaction for “on colon  y screening” of Ptt-
XET16A insertion in pD6-2(Pstl,BamHI) plasmid.

All reagents except polymerase were mixed and incubated 1 minute at 95°C,
after that, polymerase was added and 30 repetition of the temperature sequence

described in the following table was done.
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Temperature (°C) Time (min)
95 1.25
49 15
72 9

Table 34: PCR program sequence.

Reaction products were analyzed by 2% agarose gel electrophoresis, looking
for insert amplification. Colonies showing positive amplification were used to inoculate
3 mL 2YT media tubes, which were incubated O.N. at 37°C and 300 rpm. Resulting
cultures were used to extract and purify pD6-2Ptt-XET16A plasmid using the Wizard
miniprep purification kit. Cloning of Ptt-XET16A gene in pD6-2 plasmid was verified by
analytical restriction analysis using Hindlll, Stul and Sacl restriction enzymes. Gene
sequence correctness of obtained pD6-2Ptt-XET16A plasmid was analyzed by gene

sequencing using the BigDye terminator kit from ABI Prism using gene flanking FUP

and RUP primers.
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2.- Synthesis.
2.1.- General methods.
2.1.1.- Solvents.

Solvents were distilled and stored under recommended conditions®®.

Ethyl acetate and acetone were dried on K,COg, and fractional distilled.

Dichloromethane, cyclohexane, and chloroform were dried with CaCl, and
fractional distilled.

Methanol was dried with magnesium/iodine (5/0.5 w/w), distilled and stored
under nitrogen.

Acetonitrile was dried with calcium hydride, distilled and stored in 4 A molecular
sieves.

Pyridine was dried with KOH and fractional distilled under reduced pressure.

Tetrahydrofurane was dried with HyLiAl, distilled and stored under nitrogen.

2.1.2.- Chromatography.

Reaction progress was followed by thin layer chromatography (TLC) (aluminum
silica gel Fas4, from Merck) with the appropriate eluents. TLC were observed under UV
light and by revealing with H,SO,:MeOH:H,O (5:45:45) followed by heating at 90°C
during 15 min.

Purifications by normal-phase flash chromatography were done under nitrogen
or air pressure with silica gel columns (SiO, 60 ACC 35-70 ym from SDS and Merck
Geduran S| 60 40-63 pym) with the appropriate eluent.

Purifications by normal-phase open chromatography were done at atmospheric
pressure using silica gel (SiO, 60 ACC 70-200 ym from SDS and Merck Geduran Sl 60
63-200 ym) columns with the appropriate eluent. Fractions were collected using a
automatic fraction collector (Redifrac from Pharmacia Biotech).

Purifications by normal-phase or reverse phase prepacked columns were done
using Merck Lobar® Lichroprep RP-18 and Si-60 40-63 pm columns with different
dimensions, with the appropriate eluents, and using a Micro g/5 pulse pump from
Prominent. Fractions were collected using an automatic fraction collector (Redifrac

from Pharmacia Biotech).
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Purifications by gel filtration chromatography were done using a 170 cm long,
ID 1.5 cm Econo-column and Bio-Gel P2, P4 or P6 resin from BioRad. Flow rate was
regulated using a peristaltic pump from Gilson, and eluent was MilliQ water. Fractions
were collected using an automatic fraction collector (Redifrac from Pharmacia Biotech).

Purification by anion exchange chromatography was done using a 20 cm long,
ID 1.5 cm Econo-column and Macro-Prep DEAE support from BioRad. Flow rate was
regulated using a peristaltic pump from Gilson. Product was charged in water and
eluted using a gradient of NaOH. Fractions were collected using an automatic fraction

collector (Redifrac from Pharmacia Biotech).

2.1.3.- Analytical methods.

Mass spectra were done in CERMAV-CNRS or in KTH using the quadripole
NERMAG R 10-10C version 2000 for ionization by accelerated atom bombardment
(FAB) and chemical ionization (DCI); using he spectrometer Water Micromass ZQ for
electro-spray ionization and using a Bruker Autoflex for MALDI. Negative ion (ESI-TOF)
mass spectra of ANTS labeled oligosaccharides were recorded on Q2-Tof  mass
spectrometer operated a resolution of > 10000 FWHM (Waters corporation micromass
ZQ spectrometers) in KTH.

Capillary electrophoresis analyses were performed on a Hewlet-Packard HP®*"
CE GC 1600 AX system equipped with a diode array UV-VIS detector. The capillary is
72 cm effective length, 50 um internal diameter fused silica capillary with an extended

light path bubble (150 ym) in the detection window.

2.1.4.- Nuclear magnetic resonance spectroscopy.

NMR spectra were recorded in the CERMAV-CNRS with a Bruker AC300 and
Avance 400 and in the 1QS with a Varian Gemini 300.

Chemical displacements (8) were expressed in part per million (ppm) referring
to tetramethyl silane (TMS) or sodium propionate of tetramethylsilyl. Coupling
constants (J) were expressed in Hz. To describe signals the following notation was
used: s (singlet), d (doublet), dd (doublet of doublets), t (triplet), m (multiplet), Haom, and
Carom (@romatic protons and carbons respectively).

Nomenclature of different monosaccharides which form the characterized

oligosaccharide to assign signals in NMR was given as follows.
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Each monosaccharide receives a three unit name to indicate the type of

monosaccharide (Glc, Xyl, Gal, Fuc...)
Each monosaccharide in the backbone has a roman number indicating its

position starting from the reducing end.
Monosaccharides substituting units in the backbone have the same roman

number that the substituted monosaccharide.

For example: Xyl i

AcO Q
Ac
ACO Glc Il

o
Glc IV OAc OAc OAc
AcO 0 Q Aco o)

AcO d Aco o} o
AcO o Ac
AcO OAc

o o}
OAc Glc Il OAc Gle |
OAC OAC
OAc
0 OAc
Xyl ll
Xyl IV y

2.2.- Bromide of 2,3,4,6-tetra-O-acetyl- [-D-glucopyranosyl-(1 —4)-
2,3,6-tri-O-acetyl- a-D-glucopyranoside (4).

OAc

OAc o
AcO O
AcO. o AcO
AcO

AcO Br

1 g (1.47 mmol, 1 eq) per-O-acetylated cellobiose (3) was poured into a round
bottomed flask and flushed with N,, after that, 14.7 mL HBr/AcOH 33% were added
and reaction crude was stirred at R.T. until dissolution of cellobiose (aprox. 45 min).
Reaction crude was poured on 75 mL water/ice, insoluble product was filtered,
dissolved with CHClIs, dried with MgSO,, and finally, solvent was eliminated at vacuum.

This product was immediately used for next step without purification.
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2.3.- Fluoride of 2,3,4,6-tetra-O-acetyl- [(-D-glucopyranosyl-(1 —4)-
2,3,6-tri-O-acetyl- B-D-glucopyranoside ( 5).

OAc

The newly obtained protected cellobiosyl bromide (4) was dissolved in 60 mL
fresh dried acetonitrile, then, 1.26 g of AgF (9.9 mmol) were added and reaction
suspension was stirred during 3 h at R.T. until total evolution was observed by TLC.
Reaction was stopped by filtration on Celite® and solvent was eliminated at vacuum.
Product was purified on flash chromatography with AcCOEt/CH,CI, 1:1. Finally, 0.82 g
(1.3 mmol) of a white product were recovered. The overall yield over last two steps was
87%.

'"H-NMR (CDCl;, 300 MHz):8(ppm) = 5.36 (dd, 1H, J;,= 5.7 Hz, J,r = 52,8 Hz, H-1 of
GIc®); 5.20-4.91 (m, 5H, H-2 and H-3 of Glc"" and H-4 of GIc"); 4.57-4.37 (m, 3H, H-1
of GIc', H-5 of Glc""); 4.12-3.93 (m, 3H, H-6a of GIc"" and H-4 of Glc'); 3.85-3.66 (m,
2H, H-6b of Glc""); 2.14-1.99 (m, 21H, CH5CO).

C-NMR (CDCl3, 75 MHz): &(ppm) = 170.3-168-9 (CH;CO); 105.7 (d, Jcr = 216.7 Hz,
C-1 of GIc'); 100,8 (C-1 of GIc"); 75.3 (C-4 of GIc'); [72.8, 72.6 (d, 2.8 Hz), 72.0, 71.8
(d, 6.8 Hz), 71.5, 71.1 (d, 29.5 Hz)](C-2, C-3 and C-5 of GIc""); 67.7 (C-4 of GIc"); 61.6,
61.5 (C-6 of GIc""); 20.9-20.6 (CHsCO).

2.4.- Fluoride of B-D-glucopyranosyl-(1 —4)-B-D-glucopyranoside
(1)

OH

OH
HO o Q
HO d H F

HO
HO

100 mg (0.18 mmol) protected cellobiosyl fluoride (5) were solved in 20 mL
freshly dried MeOH, then, 0.3 mL MeONa 1 M were added and reaction mixture was
stirred at 0°C until total deprotection judged by TLC (approximately 3 h). Reaction
crude was filtered through Amberlyst®15 previously washed with dry MeOH to

neutralize. MeOH was eliminated at vacuum maintaining bath temperature below
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10 °C. 48.5 mg (0.14 mmol, 90%) were recovered. This product was produced freshly
every time prior to use.

'H-NMR (D,0, 300 MHz): 8(ppm)=5.28 (dd, 1H, J;, = 7.2 Hz, J;¢ = 53.1 Hz, H-1 of
GIc®); 4.52 (d, 1H, J;,= 7.8 Hz, H-1 of Glc"); 4.11-3.29 (m,12H, H-2, H-3, H-4, H-5, H-
6a&b of Glc"").

2.5.- XGOs (XXXG(10), XLXG(12), XXLG(11), and XLLG( 13)).

HO
0 n=m=0 10
HO OH n=0 m=1 11
0 n=1 m=0 12
o) o}
Ho OH n=m=1 13

OH

s wm

) |

1.1 g xyloglucan (XG) from Tamarind seeds purchased at Megazyme were
solved in 200 mL AcONa 20 mM pH 4.5 previously warmed at 60°C. 60 mg of cellulase
from Trichoderma reesei were added and reaction mixture was incubated O.N. at 37°C,
until all XG was digested. Finally, reaction crude was freeze dried. Recovered white
solid was solved in water and purified by gel filtration chromatography using BioGel P6
resin in a 170 cm length and 1.5 cm ID column. Fractions enriched in XGOs were
freeze dried and purified again by gel filtration chromatography using BioGel P2 resin
in a 170 cm length and 1.5 ID column. XGOs purity was evaluated by HPCE analysis of
fractions prior ANTS derivatization'??. Finally, 804 mg purified XGOs (molar ratio 1:6:6,
10:11&12:13) were recovered (aprox. 73% vyield).
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2.6.- [2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-2,3,4-tri-O-acetyl-
B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-
(1—6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-
D-xylopyranosyl-(1 —6)]-2,3-di-O-acetyl B-D-glucopyranosyl-(1 —4)-
1,2,3,6-tri-O-acetyl- a/f3-D-glucopyranosyl XXXG (15).

5 g of XG from Tamarind seeds provided by Megazyme where solved in 4 L
double distilled water, 400 mg cellulase from Trichoderma reesei from Flucka and 770
pl (0.67 U/ml) of B-galactosidase from Aspergillus niger provided by Megazyme were
added, resulting in a final concentration of 1 mg/ml of cellulase and 0.67 U/ml
B-galactosidase. Reaction crude was incubated at 37 °C until TLC showed mainly two
spots, one identified as galactose and the other as XXXG (10). If incubation times are
too long, another product with intermediate Rf could be detected indication of
unspecific degradation of XXXG. Reaction was stopped and reaction crude was freeze
dried.

The resulting white solid was poured in a round bottomed flask, 200 mL pyridine
and 200 mL acetate anhydride and a catalytic amount of dimethylaminopyridine
(DMAP) were added. Reaction mixture was stirred at R.T. during 2 days. Reaction
crude was mixed with 800 mL water/ice and stirred during 1 hour. The resulting
aqueous suspension was filtered, obtaining a yellow-white solid which was solved with
CH,CI,. The organic phase was dried with MgSO, and solvent was eliminated at
vacuum, pyridine and AcOH rests were codistilled with toluene.

The obtained white powder was purified by normal phase flash chromatography
recovering 3.58 g per-O-acetylated XXXG (15) (1.88 mmol, 40%).

'H-NMR (CDCls;, 300 MHz): &(ppm)= 6.21 (d, 0.3 H, J;,=3.6 Hz, H-1 of GIc"*); 5.67 (d,
0.7 H, J.,= 8.4 Hz, H-1 of GIc®); 5.44-3.37 (m, 45H, H-1 of GIc" "V and Xy" "V, H-2,
H-3, H-4 of Glc"" "and XyI" """V, H-5 of GIc"""" H-5a&b of Xyl"" " H-6a&b of Glc""

I, IV)
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3C-NMR (CDCl;, 75 MHz): &(ppm)= 170.2-168.3 (CHsCO); 100.3-99.9 (C-1 of
Glc""™); 96.8, 96.8, 95.7 (C-1 of Xyl"™v); 91.0 (C-1 of GIc*); 88.6 (C-1 of Glc"); 76.2,
76.0, 75.0, 74.9, 74.5, 74.5, 73.1, 73.1, 72.5, 72.5, 72.4, 71.9, 71.8, 71.7, 71.4, 70.6,
70.5, 70.4, 70.3, 70.2, 69.5, 69.2, 69.1, 69.1, 68.8 (C-2 to C-5 of GIc"""""V and C-2 to 4
of Xyl"""), 67.1 (C-6 of Glc "), 65.4 (C-6 of Glc"), 65.0 (C-6 of Glc"); 61.7, 61.4 (C-6
of Glc' '), 59.0, 58.8, 58.6 (C-5 of Xyl""""v), 20.9-20.4 (CH5;CO).

2.7.- [(2,3,4-Tri-O-acetyl- a-p-xylopyranosyl)-(1 —6)]-(2,3,4-tri-O-
acetyl- B-p-glucopyranosyl)-(1 —4)-[(2,3,4-tri-O-acetyl- a-D-
xylopyranosyl)-(1 —6)]-(2,3-di-O-acetyl- B-D-glucopyranosyl)-(1 —4)-
1,2,3,6-tetra-O-acetyl- D-glucopyranose (per-O-acetylated XXG (32))
and [(2,3,4-Tri-O-acetyl- a-D-xylopyranosyl)-(1 —6)]-(2,3,4-tri-O-acetyl-
B-D-glucopyranosyl)-(1 —4)-[(2,3,4-tri-O-acetyl- a-D-xylopyranosyl)-
(1—6)]-(2,3-di-O-acetyl- B-D-glucopyranosyl)-(1 —4)-[(2,3,4-tri-O-acetyl-
a-D-xylopyranosyl)-(1 —6)]-(2,3-di-O-acetyl- B-D-glucopyranosyl)-
(1—4)-1,2,3,6-tetra-O-acetyl- D-glucopyranose (per-O-acetylated XXXG
(15)).

AcO
AcO
AcO
AcO ACO
OA OAc
OAC OAcC

Alternatively, with a similar methodology, Régis Fauré at CERMAV-CNRS**14°

w G&ﬂ

C

have obtained the same product with slightly higher yield, as it follows: An aqueous
suspension of tamarind seed xyloglucan (5.0 g in 500 mL) was gently shaken at 60C
for 2 h, then endo-glucanase (xyloglucanase Cel12B from Aspergillus aculeatus, 5 mg)
was added and the reaction mixture was incubated at 37<C for 48 h. The resulting
solution was then treated by commercially available 3-galactosidase (Aspergillus niger,
25 mg, 2800 U) at 60C for 2 h, then was subject to freeze-drying. Acetylation of the
residue (acetic anhydride/pyridine, 1:2 v/v, 225 mL) in the presence of catalytic amount
of dimethylaminopyridine (DMAP) was carried out at room temperature and quenched
after 12 h by adding MeOH at 0C. After concentration in vacuo, the residue was
dissolved in CH,Cl, and washed with 20% aqueous KHSO, and brine. The aqueous
solutions were back extracted with CH,Cl, (2 x). The organic layers were dried,

concentrated and purified by flash chromatography (toluene/acetone, 4:1 then 3:1 v/v).
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The per-O-acetylated pentasaccharide XXG (32) (0.77g, 0.55 mmol) and the
peracetylated heptasaccharide XXXG (15) (4.18 g, 2.20 mmol) were isolated in 14 and
56% yield respectively.

2.8.-[(2,3,4-Tri-O-acetyl- a-b-xylopyranosyl)-(1 —6)]-(2,3,4-tri-O-
acetyl- B-p-glucopyranosyl)-(1 —4)-[(2,3,4-tri-O-acetyl- a-D-
xylopyranosyl)-(1 —6)]-(2,3-di-O-acetyl- B-D-glucopyranosyl)-(1 —4)-
1,2,3,6-tetra-O-acetyl- D-glucopyranose (per-O-acetylated XXG (32)).

'H-NMR (CDCls, 400 MHz): See Table 1.

3C-NMR (CDCls, 100 MHz): 3(ppm) = 170.3-168.7 (CH;CO), 100.6, 100.2 (2C :
100.19 and 100.15 ppm), 100.1 (C-1 of Glc"# "), 96.8 (C-1 of Xyl"), 96.3 (C-1 of Xyl
", 91.2 (C-1 of Glc *), 88.8 (C-1 of Glc '), 76.1-69.0 (C-2 to C-5 of Glc and C-2 to C-4
of Xyl), 67.1 (C-6 of Glc"), 65,1 (C-6 of GIc"), 61.8, 61.5 (C-6 of Glc'*?"™ ), 59.0, 58.8
(C-5 of Xyl), 21.0-20.5 (CH3;CO); ES-HRMS: m/z: calcd. for CsgH;sO35Na [M+Na]*:
1421.4018, found: 1421.4020.

H-1 H-2 H-3 H-4 H-5a H-5b H-6a H-6b
e 6.19 4.92 5.40 3.82 3.94
(3.7)
4.42 4.06
e 5.66 4.94 5.19 3.83 3.72
¢ (8.2)
452 4.70 5.11 3.94 3.44
(7.9)
Glc" 3.86 3.74
451 4.68 5.10 3.91 3.43
(7.9)
et 4.70 4.87 5.17 5.08 3.80 3.79 3.63
¢ (8.0)
o1 5.10 4.84 5.40 5.02 3.90 3.73
Y (3.4) (9.9)
ol 5.01 478 5.39 4.96 3.78 3.64
y (3.5) 9.9)

Table 35: Summary of *H NMR data (400 MHz, CDCl ;) of per- O-acetylated XXG 5.

2.17-1.96 (M, 45H, B,CO).
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2.9.-[(2,3,4-Tri-O-acetyl- a-b-xylopyranosyl)-(1 —6)]-(2,3,4-tri-O-
acetyl- B-b-glucopyranosyl)-(1 —4)-[(2,3,4-tri-O-acetyl- a-D-
xylopyranosyl)-(1 —6)]-(2,3-di-O-acetyl- B-D-glucopyranosyl)-(1 —4)-
[(2,3,4-tri-O-acetyl- a-D-xylopyranosyl)-(1 —6)]-(2,3-di-O-acetyl- B-D-
glucopyranosyl)-(1 —4)-1,2,3,6-tetra-O-acetyl- b-glucopyranose (per-O-
acetylated XXXG (15)).

'H-NMR (CDCls, 400 MHz): See Table 2.

¥C-NMR (CDCl;, 100 MHz): &(ppm) = 170.5-168.5 (CH;CO), 100.6, 100.5, 100.4,
100.1 (C-1 of Glc"™ "2V} 97,1, 97.0 (C-1 of Xyl "?"™) 95.9 (C-1 of Xyl"), 91.2 (C-1 of
Glc '®), 88.8 (C-1 of Glc '), 76.4, 76.2, 75.2, 75.1, 74.7, 74.6, 73.3, 73.2, 72.7, 72.6,
72.5,72.0,71.9,71.8, 71.6, 70.8, 70.7, 70.5, 70.4, 70.3, 69.6, 69.4, 69.2, 69.1, 69.0 (C-
2 to C-5 of Glc and C-2 to 4 of Xyl), 67.3 (C-6 of Glc"), 65.5 (C-6 of Glc"), 65.0 (C-6 of
Glc"), 61.8, 61.5 (C-6 of Glc '@ ') 59.1, 58.9, 58.7 (C-5 of Xyl), 21.0-20.5 (CH5CO);
'H NMR (400 MHz, CDCl,) and **C NMR (100 MHz, CDCl;) were identical to the one
described®’. ES-HRMS: m/z: calcd. for CHi060ssNa [M+Na]*: 1925.5497, found:
1925.5494.

H-1 H-2 H-3 H-4 H-5a H-5b H-6a H-6b
Gic 6.18 4.92 5.38 3.79 3.93 4.40 4.09
c 3.7) 4.8, -) 12.2)
e 5.65 4.94 5.19 3.80 3.70 4.39 4.07
¢ ®82) 8.8) 4.9, -) (12.2)
451 4.67 5.06 3.98 3.35
(7.9)
Glc" 3.98 3.65
4.49 4.64 5.05 3.94 3.34
(7.9)
Glc" 4.69 4.66 5.14 4.01 3.72 4.05 3.81
Glc"V 4.80 4.78 5.18 5.09 3.92 3.82 3.62
ot 5.05 4.82 5.34 4.95 3.94 3.69
Y @7
o I 5.06 4.87 5.38 5.02 3.91 3.77
Y (3.4) (10.1)
o V 4.99 4.78 5.37 4.95 3.75 3.64
y @7

" Assignments may be reversed.
2.16-1.94 (m, 60H, B;CO).

Table 36: Summary of ‘H NMR data (400 MHz, CDClI ) of per- O-acetylated XXXG 6.
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2.10.- Bromide of the [2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-
2,3,4-tri-O-acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-
xylopyranosyl-(1 —6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-
[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —#6)]-2,3-di-O-acetyl B-D-
glucopyranosyl-(1 —4)-1,2,3,6-tri-O-acetyl- a-D-glucopyranoside (16).

0.955 g (0.5 mmol) per-O-acetylated XXXG (15) were poured in a round
bottomed flask. Then, 16 mL of 1:5 previously cooled mixture of HBr/HAcO:CH,Cl,
were added and reaction mixture was stirred in an ice bath. Reaction was controlled by
TLC and it was stopped, as soon as starting material total consumption was detected,
by mixing reaction crude with H,Ol/ice. Suspension was stirred 10 min at 0°C and after
that, extracted three times with CHCIl;. Organic layer was neutralized 3 x 50 mL
NaHCO; saturated and dried with MgSO,. Finally solvent was eliminated by distillation
and product was dried at vacuum, obtaining 0.94 g non purified bromide 16 which was

immediately used for next step without further purification.

2.11.- Fluoride of the [2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-
2,3,4-tri-O-acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-
xylopyranosyl-(1 —6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-
[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —#6)]-2,3-di-O-acetyl B-D-
glucopyranosyl-(1 —4)-1,2,3,6-tri-O-acetyl- B-D-glucopyranoside (17).
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0.94 g of not purified a-bromide 16 were solved in 22 mL previously dried
acetonitrile, followed by the addition of 465 mg (3.7 mmol) AgF. Reaction suspension
was stirred at room temperature and controlled by TLC. After 4 hours, reaction crude
was filtered through Celite® and solvent was removed by distillation. Product was
purified by normal phase chromatography using a normal phase Lobar® Lichroprep
prepacked column (AcOEt/Cy 1:1) obtaining protected B-fluoride XXXG-BF (17) in 38%
yield over last two steps (0.35 g, 0.19 mmol).

Mass spectrometry: ESI-TOF-MS: [M-3H]*, calcd: 475.425, obs. 475.442; [M-
3H+Na]*, calcd: 724.633, obs. 724.661.

'H-NMR (CDCl;, 300 MHz): &(ppm)= 5.41 (dd, 1 H, J;,=5.0 Hz, J,=53.2 Hz H-1 of
GIc®); 5.44-3.34 (m, 45 H, H-1 of Glc" ™" and XyI""" H-2, H-3 and H-4 of GIc" """V
and Xyl""" H-5 of GIc"""", H-5a&b of Xyl""", H-6a&b of GIc""""")

¥C-NMR (CDCls, 75 MHz): &(ppm)= 170.3-168.3 (CH;CO); 105.1 (d, Jcr=218.3 Hz
C-1 of Glc"); 100.5 (C-1 of Glc"); 100.3 (C-1 of GIc"); 100.3 (C-1 of Glc"); 97.0, 96.9
(C-1 of XyI""); 95.8 (C-1 of XylV); 75.6, 75.0, 75.0 (C-4 of GIc"""); 74.7, 74.6, 73.2,
72.8, 72.7, 72.6, 72.3, 71.9 (2C), 71.7, 71.7, 71.5, 71.0, 70.6 (2C), 70.4, 69.3, 69.2
(3C), 69.1, 68.9 (2C) (C-2, C-3, C-4 of GIc""""V and XyI"""", C-5 of GIc""""); 67.3 (C-6
of GIc"); 65.5 (C-6 of Glc"); 64.9 (C-6 of GIc"); 61.9 (C-6 of GIc') 59.1, 58.9, 58.7 (C-5
of Xyl""™; 21.0-20.6 (CH;CO).

2.12.- Fluoride of the [ a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranoside (XXXG BF (14)).

98,4 mg (53 pmol) per-O-acetylated XXXGBF (17) were solved in 12.5 mL
freshly dried MeOH, 2.5 mL MeONa 200 mM were added and reaction mixture was
stirred at 0°C until total deprotection judged by TLC (approximately 3 h). Reaction
crude was filtered through Amberlyst®15 previously washed with dry MeOH to

207



neutralize. Product was dissolved in cold water and freeze dried. Deprotected product
(14) was recovered in 82% vyield (46.2 mg, 43 umol).

'"H-NMR (D,0, 300 MHz): 3(ppm) = 5.29 (dd, 1H, J,, = 7.3 Hz, J;r = 53.1 Hz, H-1 of
GIc™); 4.85-4.80 (m, 3H, H-1 of XyI"""); 4.5-4.35 (m, 3H, H-1 of Glc"""): 4.0-3.1 (m,
39H, H-2, H-3, H-4 of GIc""""Y and Xyl""" H-5 of GIc"""" H-5a&b of Xyl""" H-6 of
GIC"""”"V).

2.13.- Analytical ANTS labeling of substrates.

A solution of the oligosaccharide to label (coming from chromatographic
purifications or being a time point aliquot from a kinetic experiment) was freeze-dried
and dissolved in a solution of ANTS (0.15 M) in AcOH/water (20 pL, 3:17 v/v). Then, a
solution of NaCNBH; (1 M) in freshly purified THF (20 pyL) was added, and the reaction
incubated for 7 h at 55°C in a PCR machine. Derivatized products were re-dissolved

with water and then are ready to be analyzed by HPCE.

2.14.- XGOs-ANTS mixture (XXXGANTS (25), XXLGANTS(2 6),
XLXGANTS(27), and XLLGANTS(28)).

HO.
H Q n=m=0 25
OoH n=0 m=1 26
HO o\ o n=1 m=0 27
n=m=1 28

OH

Tamarind seed XG (0.25 g) was dissolved in preheated (50°C) AcONa buffer (20

mM, pH 4.5, 50 mL), then Trichoderma reesei cellulase (6 mg) was added. The

reaction was incubated overnight at 37°C and freeze-dried. The resulting solid was

dissolved in water and purified by gel filtration chromatography on BioGel® P2 resin,
from which a mixture of XXXG, XLXG, XXLG, and XLLG (0.19 g) was isolated.

Selected fractions were freeze-dried and resulting product was dissolved in a

solution of ANTS (0.15 M) in AcOH/water (2 mL, 3:17 v/v). Then, a solution of
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NaCNBH; (1 M) in freshly purified THF (2 mL) was added, and the reaction incubated
for 7 h at 55°C. Reaction crude was concentrated under reduced pressure, and purified
by two consecutive gel filtration chromatographic steps on a BioGel P2 resin (170 cm x
1.5 cm ID column, BioRad) to remove the large excess of unreacted ANTS. 88 mg of
XGOs-ANTS mixture (XXXGANTS (25), (XLXG/XXLG)ANTS (26/27) and XLLGANTS
(28) 1:6:6) were isolated, obtaining an approximately 6% yield from XG polymer.

2.15.- ([a-D-xylopyranosyl-(1 —#6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-glucopyranose (XXXG (10)).

HO o
HO
OH
e]
OH OH
o o OH
HO. o Ho o) ¥
HO 0] OH
[¢] OH
HO OH
OH OH
OH OH

Per-O-acetylated XXXG (15) (1.5 g, 0.79 mmol) was solved with 100 mL MeOH,
then 2 mL MeONa 1M were added. Reaction crude was stirred at 0°C during 8 hours at
room temperature, until reaction completion. Reaction crude was neutralized by
filtration through a Amberlyst 15 resin. The neutralized solution was concentrated and
product was resuspended with MilliQ water and freeze dried. 0.83 g (0.79 mmol) of 10
were recovered.

'H-NMR (300 MHz, D,O): &(ppm) = 5.21 (d, J,,=3,7 Hz, 0.4H, H-1 of GIc");
4.95-4.93 (m, 3H, H-1 of Xyl"" ™) 4 64 (d, J;,=7.9 Hz, 0.6H, H-1 of GIc'"®); 4.59-4.54
(m, 3H, H-1 of Glc"" & ™). 4.02-3.25 (m, H-2 of GIc"""" and XyI""" H-3 of Glc"""V
and Xylll'lll'lv, H-4 Of GICI,II,III,IV and xylll,III,IV, H-5 Of GlCI’“’“I'lV, H-5a and H5b Of xylll,III,IV,
and H6a and H6b of Gic"""")

13C NMR (75 MHz, D,O ): 3(ppm) = 103.5-103.0 (C-1 of GIc"""); 99.5-98.9
(C-1 of XyI"""): 96.4 (C-1 of GIc®); 92.5 (C-1 of GIc'); 80.0-70.1 (C-2, C-3 and C-4 of
GIc"""Y and xy"""V, c-5 of GIc""""Y); 66.7 (C-6 of GIc"""); 62.2-61.8 (C-5 of
Xyl""™): 60.7 (C-6 of GIc'*2"F).
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2.16.- ([a-D-xylopyranosyl-(1 —#6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-1-deoxy-D-glucitol-1-yl)-8-
aminonaphtalene-1,3,6-trisulfonic acid, disodium sa It (XXXG-ANTS

(25)).
Hs;rq

The heptasaccharide 10 (100 mg, 94 umol) was dissolved in a solution of ANTS
(0.15 M) in AcOH/water (1 mL, 3:17 v/v). Then, a solution of NaCNBH; (1 M) in freshly
purified THF (1 mL) was added, and the reaction was incubated for 7 h at 55°C. The
reaction mixture was concentrated under reduced pressure and the resulting mixture
was purified by a sequence of three chromatographic steps: 1) gel filtration on a BioGel
P2 resin (170 cm x 1.5 cm ID column, BioRad) to remove the large excess of
unreacted ANTS; 2) ionic exchange on a MacroPrep DEAE resin (BioRad) to separate
derivatized from underivatized XXXG (10); and 3) gel filtration on a BioGel P2 resin for
desalting and polishing the final XXXG-ANTS (25) (77 mg, 51 ymol, 55% vyield), which
was isolated in > 95% purity (as assessed by TLC and HPCE).

Mass spectrometry: ESI-TOF-MS: [M-3H]*, calcd: 475.425, obs. 475.442; [M-
3H+Na]2', calcd: 724.633, obs. 724.661.

'H NMR (300 MHz, D,0): 3(ppm) = 8.61, 8.46, 7.76, 7.16, 7.15 (4d, J = 1.5 Hz,
4H, Haom), 4.94 (m, 3H, H-1 of Xyl"""), 4.60, 4.53, 4.51 (3d, J,, = 8.2 Hz, 3H, H-1 of
Glc " "ad V) "4.3-3.22 (m, 40H, rest of protons);

13C NMR (75 MHz, D,0 ): &(ppm) = 145.2, 142.2, 139.9, 135.9, 131.5, 124.6,
120.7, 115.0 (10C, Caom), 104.2 (C-1 of GIc"), 102.9, 102.4 (C-1 of Glc"#™), 99.1, 98.9
(C-1 of Xyl"#"), 98.4 (C-1 of XyI"), 79.8, 79.4, 78.6 (C-4 of GIc""&"), 75.7, 74.4, 74.1,
74.1, 73.5, 73.4, 73.2, 73.1, 72.8, 71.6, 71.4, 70.8, 69.6, 69.4, 69.3, 66.2, 66.1, 65.8,
62.3, 61.7, 61.5, 61.4 (C-2 to C-6 of GIc""" 4" and C-2 to C-5 of Xyl "&"), 46,6 (C-1
of Glch;
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2.17.- [a-D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranose (XXXGXXXG) (23).

XXXGXXXG (23) was synthesized by Régis Fauré at CERMAV-CNRS
(Grenoble) as part of collaborating efforts in EDEN project.*****®, However it has been

synthesized also in this work for FRET substrate (p. 221).

2.18.- B-D-galactopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)- [a-
D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —#6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranose (GalGXXXGXXXG) (38).

GalGXXXGXXXG (38) was synthesized by Régis Fauré at CERMAV-CNRS

(Grenoble) as part of collaborating efforts in EDEN project**°.

2.19.- Donor library: XXXGGG (47), XXXGXG (45), XXX GGGGG
(48), XXXGXXG (46), GXXXG (49), GGXXXG (50), GGGXXXG (51),
GGGGXXXG (52), XGXXXG (54), XGGXXXG (55), XXGXXXG (29),
GXXGXXXG (53), XGXGXXXG (56), GAlGXXXG (40), GalGXX XGGG
(59).

Ptt-XET16A donor library was synthesized by Régis Fauré at CERMAV-CNRS

(Grenoble) as part of collaborating efforts in EDEN project**°.
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2.20.- 4,6-isopropylene- [3-D-galactopyranosyl-(1 —4)-a/B-D-
glucopyranose (60).

o
© o OH OH
HO
HO o
OH o
OH

26.3 g B-D-galactopyranosyl-(1—4)-o0/f-D-glucopyranose = monohydrate (73
mmol, 1 eq) were suspended in 300 mL DMF, then 50 mL of DMF were distilled under
vacuum to dry reaction mixture. After that, 500 mg camphor-10-sulfonic acid were
added followed by drop wise addition of 60 mL 2,2-dimetoxypropane (490 mmol, 7 eq)
previously diluted with 60 mL DMF during 50 minutes. Reaction was stirred at R.T. till
total dissolution of lactose. Finally, reaction crude was neutralized with Amberlite®
IR-45. Solvent was eliminated at vacuum codistilled with toluene. Product was not
further purified nor characterized, but it was identified by TLC comparison with the

correspondent standard.

2.21.- 2,3-di-O-acetyl-4,6-isopropylene- B-D-galactopyranosyl-
(1—4)-1,2,3,6-tetra-O-acetyl- a/B-D-glucopyranose (61).

'S
0 o OAc OAC
AcO
AcO o
OAG %
OAc

Non purified 4,6-isopropylene-B-D-galactopyranosyl-(1—4)-o/p-D-
glucopyranose (60) was suspended in Ac,O/Py 1:1.5 (440 ml), a catalytic amount of
dimethylaminopyridine was added. Reaction crude was stirred at R.T. during 21 hours.
Reaction was quenched with 200 mL MeOH in a ice:water bath and solvent was
eliminated at vacuum. Product was dissolved in CH,Cl,, extracted with KHSO,
saturated and NaHCO; saturated and dried over Na,SO,. Solvent was eliminated at
vacuum. After normal phase chromatography purification (AcOEt:Petroleum ether 1:1)
26 g (41 mmol, 56 % yield) of product 61 were recovered over last two steps. This

product was identified by TLC comparison with the correspondent standard.
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2.22.- 2,3-di-O-acetyl- B-D-galactopyranosyl-(1 —4)-1,2,3,6-tetra-O-
acetyl- a/B-D-glucopyranose (62).

OH
OH o OAc OAC
AcO
AcO
OAc 0
OAc

15 g (23.6 mmol, 1leq) 2,3-di-O-acetyl-4,6-isopropylene--D-galactopyranosyl-
(1—4)-1,2,3,6-tetra-O-acetyl-a/B-D-glucopyranose (61) were dissolved in 75 mL
CH.CI,, and 7.5 mL TFA 90% were added. Reaction crude was stirred at R.T. during
75 min, although reaction was not finished, by-products were detected by TLC.
Reaction crude was washed with cold water, NaHCO; and dried on Na,SO,4. Finally
solvent was eliminated at vacuum and after normal phase chromatography
(Tol:Acetone 7:5) 11.4 g product (19.2 mmol, 81% yield) were recovered which was
identified by TLC comparison with the correspondent standard. Also 1.6 g (2.5 mmol)

starting material was recovered.

2.23.- 2,3-di-O-acetyl-6-benzoyl- B-D-galactopyranosyl-(1 —4)-
1,2,3,6-tetra-O-acetyl- a/f-D-glucopyranose (63).

OH
OBz o OAC OAc
AcO
AcO O
OAG S
OAc

9.6 g (16.1 mmol, 1 eq) 2,3-di-O-acetyl-B-D-galactopyranosyl-(1—4)-1,2,3,6-
tetra-O-acetyl-o/B-D-glucopyranose (62) were dissolved in 96 mL dry CH,Cl,, after that,
5.8 g 1-(benzoyloxy)benzotriazole (24.2 mmol, 1.5 eq) and 3.4 mL Et;N (24.2 mmol,
1.5 eq) were added. Reaction was stirred at R.T. After 19 h reaction, 0.5 g (2.1 mmol,
0.1 eq) 1-(benzoyloxy)benzotriazole and 0.34 mL Et;N (2.4 mmol, 0.15 eq) were
added. Reaction was finally stopped after 39 h. Reaction crude was washed with a
saturated solution of KHSO,, a saturated solution of NaHCO3; and a saturated solution
of NaCl, finally, it was dried over Na,SO, and dried under vacuum. After purification on
normal phase chromatography (AcOEt:Petroleum ether 3:4) 4.9 g product 63 were

recovered (7 mmol, 43% vyield).
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Mass spectrometry (FAB) : m/z = 721[M+Na], theoretical: 698.2+23

'H-NMR (CDCl;, 300 MHz): 5(ppm)=8.04-7.46 (M, 5H, Haom of COPh); 6.22 (s, 0.55H,
H-1 of Glc®); 5.65 (d, J,,=6 Hz, 0.45H, H-1 of GIcP); 5.55-5.45 (m, 1H); 5.22-4.92 (m,
3H); 4.63-3.77 (m, 9H); 2.13-1.85 (m, 18H, CH3;CO-)

3C-NMR (CDCl;, 75 MHz): &(ppm)=170.3-166.3 (CH3CO); 133.6-128.6 (Caom Of
COPh); 101.1 (C-1 of Gal); 91.6 and 89.0 (C-1 of Glc”?); 75.5 (C-4 of Gal); 73.6-66.8
(C-2, C-3 & C-5 of Glc and Gal and C-4 of Glc); 62.2-61.4 (C-6 of Glc and Gal)

2.24 .- 2,3-di-O-acetyl-4-azido-4-deoxy-6-benzoyl- B-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a/f-D-glucopyranose (67).

OBz o AcO OH
N3 AcO
AcO O o
OAc
OAc

4.5 g (6.4 mmol, 1 eq.) 2,3-di-O-acetyl-6-benzoyl-3-D-galactopyranosyl-(1—4)-
1,2,3,6-tetra-O-acetyl-o/B-D-glucopyranose (63) were poured in a round-bottomed
flask, flushed with argon, dissolved with 220 mL dry CH,ClI, and cooled to 0°C. Then 22
mL of dry Py and 2.5 mL trifluoromethanesulfonic anhydride (15 mmol, 2.4 eq.) were
added. Reaction was stirred under argon 30 min at 0°C and after that, 1 h at R.T.
Reaction crude was diluted with 100 mL CH,CI, washed with a solution of NaHSO,, a
saturated solution of NaHCO; and a saturated solution of NaCl. After that, organic layer
was dried on Na,SO, and finally solvent was eliminated at vacuum coevaporated with
toluene. Product 65 was used without purification for next step.

Yellow solid from previous reaction was dissolved in the minimum quantity of
HMPA (15 ml), 4.3g NaN; (64 mmol, 10 eq) and a catalytic quantity of 18-crown-6 ether
were added. Reaction crude was stirred O.N. at 50°C. After 16.5 hours temperature
was increased to 65°C, 2.15g NaN; (32 mmol, 5 eq), and more 18-crown-6 ether were
added. At 22.5h, 8 mL HMPA were added. At 37 h, 15 mL HMPA, 2.15 g NaN; (32
mmol, 5 eq) and more 18-crown-6 ether were added. Due to no reaction evolution,
reaction was stopped. Product was precipitated in cold water, filtered on Celite®, and
recovered by dissolution in CH,Cl,. Organic layer was dried on Na,SO, and solvent
was evaporated at vacuum. 4.7 g of mixture of 2,3-di-O-acetyl-4-azido-4-deoxy-6-

benzoyl-B-D-glucopyranosyl-(1—4)-2,3,6-tri-O-acetyl-a/3-D-glucopyranose  (67) and
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2,3-di-O-acetyl-4-azido-4-deoxy-6-benzoyl-B-D-glucopyranosyl-(1—4)-1,2,3,6-tetra-O-
acetyl-o/B-D-glucopyranosyl (66) were recovered.

4.4 g of the azido derivative mixture (66+67) were solved in 120 mL DMF and
840 mg hydrazine acetate (9.2 mmol, 1.5 eq) were added. Reaction crude was stirred
30 min at 50 °C. After that it was diluted with AcOEt, washed with NaCl saturated, dried
on Na,SO, and concentrated at vacuum. After normal phase chromatography
(AcOEt/petrol ether 4:5) 2.1 g (3.1 mmol) product 67 were recovered in 48% yield.
Mass spectrometry (DCI):  m/z=699[M+NHjs], theoretical: 681.2+18
'H-NMR (CDCl;, 300 MHz): &(ppm)=8.07-7.47 (m, 5H, Haom, COPh); 5.48 (t,
J1,=9.8Hz, 0.55H, H-1 of GIc®); 5.34 (d, J,,=3.6 Hz, 1H, H-1 of GIc"%); 5.2-5.12 (m,
1H); 4.93-4.50 (m, 6H); 4.12-4.07 (m, 2H); 3.77-3.53 (m, 4H); 2.09-1.89 (m, 15H,
CH5CO-)
¥C-NMR (CDCls, 75 MHz): 8(ppm)=170.9-166.1 (CH;CO); 133.8-128.8 (Cuom Of
COPh); 100.8 (C-1 of GIc"); 95.4 and 90.2 (C-1 of Glc' *2"F): 74.1-63.3 (C-2, C-3 and
C-5 of Glc'®" C-4 of GIc'); 62.0-61.8 (C-6 of Glc'*™"); 60.15 (C-4 of GIc"); 20.6-20.4
(CH3COO0).

2.25.- Fluoride of (2,3-di-O-acetyl-4-azido-4-deoxy -6-benzoyl- 3-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a/pB-D-glucopyranoside) (68).

1.7 g hemiacetal 67 (2.5 mmol, 1 eq) were poured in a round-bottomed flask,
flushed with Ar, and dissolved in 87 mL dry CH,Cl,. Reaction crude was cooled at
-55°C then 1.63 mL DAST (12,6 mmol, 5 eq) were added. Reaction crude was stirred
2 h at -55°C and temperature was increased until 15°C over night. Reaction was
quenched with 3 mL MeOH and solvent was eliminated at vacuum. Product was
purified by normal phase chromatography (AcOEt:Petroleum ether 1:2) obtaining 1.3 g
(1.9 mmol) fluoride 68 in 76% yield.

Mass spectrometry (DCI):  m/z=701[M+NHjs], theoretical: 683.6 + 18.

'"H-NMR (CDCl3, 300 MHz): 8(ppm)=8.05-7.45 (m, 5H, Haom, COPh); 5.62 (dd, J;,= 2.7
Hz, J;£=53.7 Hz, 0.17H, H-1 of GIc"®); 5.29 (dd, J,,=5.4 Hz, J; £=58.2 Hz, 0.83H, H-1 of
Glc®); 5.17-5.11 (m, 1H); 4.97-4.84 (m, 2H); 4.63-4.45 (m, 4H); 4.04 (dd, J=5.1 Hz,
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J=12.3 Hz, 1H); 3.94-3.88 (m, 1H); 3.80-3.67 (m, 2H); 3.55-3.39 (m, 2H); 2.07-1.86 (m,
15H, CH;CO-)

3C-NMR (CDCl3, 75 MHz): 8(ppm)=170.2-169.1 (CH;CO); 165.9 (COPh); 133.6-128.7
(Carom Of COPh); 105.8 (d, Jc,=218 Hz, C-1 of GlIc'); 100.7 (C-1 of GIc"); 75.3-71.0
(C-2, C-3, and C-5 of Glc'®" and C-4 of GIc"); 63.0-61.5 (C-6 of Glc'®"): 59.9 (C-4
of Glc")

2.26.- Fluoride of (2,3-di-O-acetyl-4-azido-4-deoxy -6-benzoyl- 3-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a-D-glucopyranoside) (69).

OBz OAc F
N Q
3 AcO
AcO (0] o
OAc
OAc

1.3 g fluoride isomers 68 (1.9 mmol, 1 eq) were poured in a plastic tube, 28 mL
HF/Py were added and reaction crude was stirred at -50°C 1 hour. Temperature was
allowed to increase to -10°C and finally reaction crude was kept at -10°C for 2 h.
Reaction crude was diluted with CH,Cl, and neutralized on 100 mL NH; (3N) previously
cooled. Organic layer was washed twice with NaHCO3, dried with Na,SO,4, and solvent
was eliminated at vacuum. Product was purified by normal phase chromatography
(AcOEt:Petroleum ether 1:2) obtaining 1.1 g a-fluoride 69 (1.6 mmol, 85% yield).
Mass spectrometry (FAB): m/z=706[M+Na], theoretical: 683.6 +23.
'"H-NMR (CDCl3, 300 MHz): 8(ppm)=8.07-7.48 (m, 5H, Haom, COPh); 5.65 (dd, J;,= 2.7
Hz, J;£=53.1 Hz, 1H, H-1 of GIc'%); [5.44 (t, J=9.9 Hz, 1H); 5.16 (t, J=9.9 Hz, 1H); 4.93-
4.76 (m, 2H); 4.66-4.49 (m, 4H); 4.16-4.06 (m, 2H); 3.83-3.71 (m, 2H); 3.59-3.53 (m,
1H)] (H-2, H-3, H-4, H-5, H-6a&b of GIc"") ; 2.07-1.86 (m, 15H, CH;CO-)
3C-NMR (CDCl3, 75 MHz): d(ppm)=170.4-169.6 (CH5CO); 165.9 (COPh); 133.6-128.7
(Carom Of COPh); 103.6 (d, Jc..=218 Hz, C-1 of GIc"); 100.6 (C-1 of GIc"); 75.5-690.7
(C-2, C-3 and C-5 of Glc'®" and C-4 of GIc"); 63.1-61.0 (C-6 of Glc'?™"); 60.0 (C-4 of
Glch.
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2.27.- Fluoride of (4-azido-4-deoxy- [(-D-glucopyranosyl-(1 —4)- a-D-
glucopyranoside) (74).

F
OH o OH
N3 HO
HO
OH S
OH

200 mg a-fluoride 69 (0.3 mmol, 1 eq) were dissolved in 28 mL MeOH and
cooled at 0°C. After that, 220 ul of MeONa (1 M) were added and reaction crude was
stirred at 0°C O.N. Reaction crude was neutralized with Amberlite® IR-120, solvent
was eliminated at vacuum, product was dissolved in cold water and it was freeze
dried. 110 mg (0.3 mmol) of a-fluoride 74 were quantitatively obtained.

Mass spectrometry (FAB): m/z=392[M+Na], theoretical 369.3 + 23.

2.28.- [2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-2,3,4-tri-O-
acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-
xylopyranosyl-(1 —6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-
[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —#6)]-2,3-di-O-acetyl B-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a/f-D-glucopyranose (34).

AcO 0]
AcO
AcO
(e}
OAc OAC OAc
AcO 0 Q Ac o o)
AcO g AcO o) AcO
AcO ¢} OH
o o AcO
AcO AcO
OAc OAC
OAc OAC

1.46 g (0.77 mmol, leq.) per-O-acetylated heptasaccharide XXXG (15) were
dissolved in 12 mL dry DMF and preheated at 50°C. 106 mg (1.15 mmol, 1.5 eq.)
hydrazine acetate were added and reaction mixture was stirred at 50°C during 20 min.

Reaction crude was diluted with AcOEt, washed twice with NaCl and dried on Na,SO,.
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Solvent was eliminated at vacuum, product was purified by normal phase
chromatography (Tol:acetone 2:1) obtaining the hemiacetal 34 in 78% yield (1.13 g,
0.61 mmol).

Mass spectrometry (MALDITOF): m/z=1883.36 (M+Na), theoretical+Na: 1861.64+23

2.29.- Fluoride of ([2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-
2,3,4-tri-O-acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-
xylopyranosyl-(1 —6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-
[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —#6)]-2,3-di-O-acetyl B-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a/pB-D-glucopyranoside) (35).

AcO o
AcO
AcO
o]

OAC OAC OAc
AcO o Q Aco o o)
AcO g AcO ol A

AcO o ¢ S =
C
Oaco o

AcO
OAc
o o OAc

1.13 g of hemiacetal 34 (0.61 mmol, 1leq) were dissolved with 21.2 mL dry
CH,CI, and cooled at -50°C. 400 pl of DAST (3 mmol, 5 eq.) were added and reaction
mixture was stirred 1 hour at -50°C, after that, temperature was allowed to increase
O.N. Reaction was quenched by the addition of 500 uyl of MeOH. Solvent was
eliminated at vacuum and product was purified by normal phase chromatography
(Tol:acetone 4:1) 0.96 g of 35 (0.51 mmol) were recovered in 89% vyield.

Mass spectrometry (MALDITOF): m/z=1884.96 (M+Na), theoretical+Na: 1863.63+23
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2.30.- Fluoride of ([2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —6)]-
2,3,4-tri-O-acetyl- B-D-glucopyranosyl-(1 —4)-[2,3,4-tri-O-acetyl- a-D-
xylopyranosyl-(1 —6)]-2,3-di-O-acetyl- B-D-glucopyranosyl-(1 —4)-
[2,3,4-tri-O-acetyl- a-D-xylopyranosyl-(1 —#6)]-2,3-di-O-acetyl B-D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-acetyl- a-D-glucopyranoside) (33).

AcO
AcO
5° &g
AcO A cO
O

Oaco

OAc OA
OAc o AC

509 mg (0.27 mmol) of a/B fluoride 35 were poured in a plastic tube. 2.7 mL
HF/Py 70% were added, reaction was stirred at -50°C for 30 min and then temperature
was allowed to increase till -10°C (during 2 hours) and maintained at this temperature
for 3 hours. Finally, reaction mixture was diluted with CH,CIl, and poured on a solution
of pre-cooled NH; (3N), organic layer was washed with NaHCO; and dried on Na,SO,.
Solvent was eliminated and product was purified by normal phase chromatography
(Tol:acetone 3:1) obtaining 360 mg (0.19 mmol, 71%) of a-fluoride 33.
Mass spectrometry (MALDITOF): m/z=1884.56 (M+Na), theoretical+Na: 1863.63+23.

2.31.- Fluoride of ([ a-D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-
(1—4)-[a-D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-a-D-
glucopyranoside) XXXG aF (36).

ﬁzy
gé

360 mg (0.19 mmol) of per-O-acetylated a-fluoride 33 were dissolved with
43 mL MeOH, 200 yL MeONa (1N) were added and reaction crude was stirred at 0°C
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during 8 h. Reaction mixture was neutralized with Amberlite® IR-120 and solvent was
eliminated at vacuum. Product was dissolved in water and freeze dried. 178.1 mg (0.17
mmol, 86%) of deprotected a-fluoride 36 were recovered.

Mass spectrometry (ESI+): m/z=1087.37 (M+Na), theoretical+Na: 1064.92+23.

2.32.- [a-D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranose (XXXGXXXG) (23).

T

Method A:

1.7 g xyloglucan polymer from Tamarindus indica seeds were dissolved in 150
mL hot water with gentle stirring and heating. Dissolution was poured into the
ultrafiltration cell with a 10 kDa membrane and 3 mg cellulase from Trichoderma reesei
(5 U/ml) were added. Water was introduced into the cell at 3 bars, maintaining reaction
volume constant. Reaction crude was stirred into the ultrafiltration cell during 20 h
Ultrafiltrated dissolution was collected and freeze dried. Resulting white solid was
dissolved with 50 mL water. 140 pl of a-galactosidase from Aspergilus niger were
added, after 24 h reaction 200 pl a-galactosidase were added, reaction was stopped
after 45 h by boiling of reaction crude. Reaction crude was freeze dried and purified by
normal phase chromatography ACN:water 8:2 obtaining 122 mg (57 pymol, 7% yield) of
the tetradecasaccharide 23. Also 202 mg of heptasaccharide 10 (191 pmol, 12% yield)
were isolated.

Method B:

916 mg (0.86 mmol) of the heptasaccharide 10 were dissolved in 3 mL
carbonate/bicarbonate buffer 0.1 M pH 10, then 2.5 mg Cel7B synthase and 60 mg of
a-fluoride 36 (56 pmol, 0.34 eq.) were added, reaction mixture was incubated at 40°C,

after 6 h, 60 mg more of a-fluoride 36 (56 umol, 0.34 eq.) were added, finally, after 21
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hours the last 58 mg of the a-fluoride 36 were added (54 umol, 0.33 eq.). At the end,
after 29 hours, reaction crude was freeze dried and purified by normal phase
chromatography (ACN:water 75:25) obtaining 318 mg (151 pmol) of the
tetradecasaccharide 23 in 91% vyield, and recovering 703 mg (0.7 mmol) of the
heptasaccharide 10.

Mass spectrometry (MALDITOF): m/z=2129.5 (M+Na), theoretical+Na: 2107.85+23
'H-NMR(D,0, 300 MHz): &(ppm)= 5.20 (d, J;,=3.6 Hz, 0.6H, H-1 of GIc'%); 4.94-4.91
(m, 6H, H-1 of Xyl""V:VIVIVIN- 4 64 (d, J,,=7.8 Hz, 0.4H, H-1 of GIc®); 4.56-4.51 (m,
7H, H-1 of GIc"""™): 4.01-3.29 (m, 78H, H-2, H-3, H-4 of GIc"™" and XyI"""VVVIVIl
5a&b Of xylll,III,IV,VI,VII,VIII’ H_5 Of GlCI_V“I, H'6a&b Of GICI-VIII)

B¥C-NMR (D0, 75 MHz): 8(ppm)=102.3-101.9 (m, 7C, C-1 of Glc'"""); 98.3-97.8 (m,
6C, C-1 of Xy[""VVIVIVIlY. 95 2 and 91.3 (2C, C-1 of Glc' @ F): 78.9-59.4 (64C, other

carbon atoms).

2.33.- ([a-D-xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-1-deoxy-D-glucitol-1-yl)-5-(2-
aminoethylamino)naphthalene-1-sulfonic acid, sodium salt
(XXXGXXXG-EDANS (70)).

79.8 mg (37.9 ymol, 1eq.) tetradecasaccharide 23 were dissolved in 2.5 mL
water and 2.5 mL dried THF. Then, 54.6 mg 5-((2-aminoethyl)-amino)-naphtalene-1-
sulfonic acid (EDANS) (189 pmol, 5 eq.) and 23.8 mg NaCNBH; (378 ymol, 10eq.)
were added. pH of reaction crude was adjusted approximately at 5 with AcOH.
Reaction mixture was stirred at 60°C, after 20 h, pH was adjusted again and 24 mg
NaCNBH; (378 umol, 10 eq.) were added. After 44 h, pH was adjusted again with
AcOH. Finally after 64 h, reaction crude was filtered and freeze dried. Product was

purified by two chromatography steps using Lobar® prepacked columns, first a normal
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phase chromatography (ACN:water, 75:25) and after a reverse phase chromatography
(gradient from 500 mL water — 500 mL ACN 20%). 32 mg (13.6 pmol) of the labeled
tetradecasaccharide 70 were recovered in a 36% yield.

Mass spectrometry (MALDITOF): m/z=2401,72(M+Na), theoretical+Na: 2378.74+23.

2.34.- (4-azido-4-deoxy- B-D-glucopyranosyl-(1 —4)-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-1-deoxy-D-glucitol-1-yl)-5-(2-aminoethylamino)
naphthalene-1-sulfonic acid, sodium salt (N 3GGXXXGXXXG-EDANS
(72)).

40 mg (16 pmol, 1leq.) of XXXGXXXG-EDANS (70) and 23.5 mg 69 (60 pmol, 4
eq.) were solved in 3166 pl carbonate buffer 0.1 M pH 10, then 80 pl of Cel7B synthase
were added (1 mg). Reaction mixture was incubated at 30 °C during 24 h. Product was
purified by reverse phase chromatography (gradient of 400 mL water — 400 mL ACN
20%). Coupling product 72 was recovered in 83% yield (38 mg (14 umol)).

Mass spectrometry (MALDITOF): m/z=2751.7(M+Na), theoretical+Na: 2727.85+23
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2.35.- (4-amino-4-deoxy- B-D-glucopyranosyl-(1 —4)-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-1-deoxy-D-glucitol-1-yl)-5-(2-aminoethylamino)
naphthalene-1-sulfonic acid, sodium salt (NH  ,GGXXXGXXXG-EDANS
(73)).

34 mg (12.5 umol, 1 eq) of N3GGXXXGXXXG-EDANS (72) were poured in a
round-bottomed flask, solved with 2 mL H,O and 2 mL Py. Reaction mixture was
flushed during 10 minutes with H,S (gas) and stirred at R.T. O.N. protected from light.
Reaction crude was neutralized with AcOH 2N, filtered, and solvents were eliminated at
vacuum by coevaporation with EtOH. Recovered product was solved in water and
freeze dried, obtaining 32.5 mg of 73, in a 97% vyield.

Mass spectrometry (MALDITOF): m/z=2725.41(M+Na), theoretical+Na: 2701.9+23
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2.36.- (2-N-(4-deoxy-4-dimethylaminophenylazophenyl  thioureido)-
B-D-glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-
xylopyranosyl-(1 —6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glycopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-
(1—6)]-B-D-glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-[a-D-xylopyranosyl-(1 —6)]-B-D-
glucopyranosyl-(1 —4)-1-deoxy-D-glucitol-1-yl)-5-(2-aminoethylamino)
naphthalene-1-sulfonic acid, sodium salt (DAB-NH-CS  -NH-
GGXXXGXXXG-EDANS (76)):

e

N~cH,
N H Q o
HO-
/©/ OH OH
HN 9 o S0,
OH 2
A oy OH . o o OH OH O
HO. (e]
SR o HO o o o s W NH_—
OH OH O on OH
oH HO
OH o8, OH OH
OH OH OH

30 mg of 73 (11.1 pmol) were poured in a round bottomed flask and solved with
1.2 mL NaHCO; 0.35M (pH 8.1). 6.3 mg (22 ymol, 2 eq.) DABITC were dissolved with
4.7 mL DMF and added to 73 solution. Reaction mixture was stirred at R.T. and
protected from light for 48 hour. Reaction was stopped one all starting material was
consumed. Reaction mixture was freeze-dried. Product was purified by gel filtration
chromatography using Bio Gel P4 resin from BioRad in a 180 cm long and 1.5 cm
internal diameter column. 7 mg (2.3 pmol) of 76 were recovered, in 21% vyield.
Mass spectrometry (MALDITOF, negative mode): m/z=2963.01 (M-Na),
theoretical-Na: 2962.79.
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3.- HPCE method development and validation.

3.1.- HPCE method development.

Capillary electrophoresis was performed on a Hewlett-Packard HP®*® CE G1600
AX system equipped with a diode array UV-Vis detector. The capillary (72 cm effective
length, 50 ym internal diameter, made of fused silica with an extended light path
bubble (150 ym) in the detection window) was pretreated or regenerated with 0.1 M
NaOH, double distilled water, and running buffer (for 30, 10, and 10 min respectively).
Samples (ANTS-labeled oligosaccharide standards or enzymatic reaction mixtures)
were loaded into the capillary under hydrodynamic injection mode at 40 mbar pressure
during a fixed time. The conditioning between injections consisted of a 5 min
equilibration step with running buffer. The chosen running buffer depended on the
electrophoretic method: a) direct EOF (cathodic detection): 50 mM phosphoric acid
adjusted to pH 9 with NaOH, b) suppressed EOF (anodic detection): 50 mM phosphoric
acid adjusted to pH 2.5 with NaOH, c) inverted EOF (anodic detection): 50 mM
phosphoric acid adjusted to pH 2.5 with triethylamine. Electrophoresis was performed
at a constant voltage and constant temperature of 30°C. The detector was a UV/Vis
diode array and the electropherograms were recorded at 214 nm (20 nm slit), 224 nm
(20 nm slit) and 270 nm (20 nm slit).

The purified mixture of ANTS-labeled xyloglucan oligosaccharides XXXG,
(XXLG+XLXG), and XLLG (25, 26, 27 and 28) was analyzed under different
electrophoretic conditions using different acidic buffers (File: MSV4007):

Suppressed EOF conditions were obtained with sodium phosphate buffer at pH
2.5. Inverted EOF conditions were generated with the same 50 mM phosphoric buffer
adjusted at pH 2.5 with triethylamine (TEA) as EOF modifier.

Buffer concentration and buffer pH were studied using inverted EOF conditions
using pH 2.5 phosphate-TEA buffers (25, 50, 100 mM) and also using 50 mM
phosphoric buffers adjusted at different pH with TEA (pH 2, 2.5, 3).

For all these assays migration times, efficacy and resolution were evaluated.
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Concentration (mM) pH

25 50 100 2.0 2.5 3.0
t., (Min) 9.6 10.2 11.2 10.1 10.2 10.7
resolution® 5.88 6.39 2.71 23.13 6.40 451
efficacy® 211762 309408 392690 185418 309407 233824

Table 37: Migration times (t ) for XXXG-ANTS (25) peak, resolution (Rs)
between XXXG-ANTS (25) and XXLG-ANTS (26) peaks and efficacy (N) for
XXXG-ANTS (25) peak at pH 2.5 different phosphate-T EA concentrations (25, 50
and 100 mM) and different pH values for 50 mM buffe r.

! Equation 7: 2 Equation 8:
— 2
Resolution(Rs) = 1.18EM ] tm
w, (2)-w, @) Efficacy(N) = 5540]—
% % W,
2

where 1 and 2 the peaks _ _ _ _
corresponding o compounds XXXG- where tn is the migration time, and
ANTS (25) and XXLG-ANTS (26),

respectively, tm is the migration time,

Wiz is the peak width for
compound XXXG-ANTS (25).

and wyy, is the peak width.

Three different voltages (-30, -20, and -10 kV) were tested analyzing XGOs-
ANTS mixture, using pH 2.5, 50 mM phosphate-TEA buffer.

Lineal response of intensity versus voltage was demonstrated by monitoring of
intensity at different applied voltages (5, 10, 15, 20, 25, 30 kV).

The optimal amount of sample loaded into the capillary was evaluated by varying

the injection time (from 3 to 15 s) during hydrodynamic injection at 40 mbar.

3.2.- Definitive HPCE method.

As it was presented before capillary electrophoresis was performed on a Hewlett-
Packard HP*" CE G1600 AX system equipped with a diode array UV-Vis detector. The
capillary (72 cm effective length, 50 ym internal diameter, fused silica with an extended
light path bubble (150 um) in the detection window) was pretreated or regenerated with
0.1 M NaOH, H,O milliQ, and running buffer (for 30, 10, and 10 min respectively).
Samples (ANTS-labeled oligosaccharide standards or enzymatic reaction mixtures)

were loaded into the capillary under hydrodynamic injection mode at 40 mbar pressure

226



during 6 s. The conditioning between injections consisted of a 5 min equilibration step
with running buffer. Running buffer was 50 mM phosphoric buffer adjusted at pH 2.5
with triethylamine (TEA) as EOF modifier obtaining an inverted EOF method.
Electrophoresis was performed at -30 kV and constant temperature of 30°C. The
detector was a UV/Vis diode array and the electropherograms were recorded at 214
nm (20 nm slit), 224 nm (20 nm slit) and 270 nm (20 nm slit), but only record at 224 nm

was used.

3.3.- HPCE method validation.

A stock solution of 50 mM XXXG-ANTS (25) was prepared by dissolution of
38.2 mg of synthesized XXXG-ANTS (25) in 510.5 pyL double distilled water. Then
dilutions were prepared to obtain 5 mM, 0.5 mM and 0.05 mM stock solutions.

Internal standard stock solution was prepared by ANTS labeling of mannose as
it follows: 18.2 mg mannose were poured in an Eppendorf tube, then, 1 mL ANTS 0.15
M (in AcOH:H,O 3:17) and 1 mL NaCNBHs; 1 M (in recently dried THF) were added.
Reaction mixture was incubated at 55°C during 7 h and afterwards it was freeze dried.
Yellow solid was dissolved in 50 mL MilliQ water, separated in 1 mL aliquots and
stored at -20°C.
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3.3.1.- Linearity study.

A serial dilution of XXXGANTS (25) was prepared using the above described

stock solutions, as it is presented in the following table (File: MSV3042):

Sample Stock XXXGANTS ManANTS Water XXXGANTS/ManANTS
concentration conc. volume volume volume Relative area (x10%

1 5 4 20 16 545.8 573.1 562.7
0.7 5 2.8 20 17.2 411.9 414.7 407.9
0.5 0.5 20 20 0 286.5 295.4 293.6
0.2 0.5 8 20 12 112.9 113.2 114.8
0.1 0.5 4 20 16 58.0 57.9 57.2
0.07 0.5 2.8 20 17.2 41.1 40.8 40.7
0.05 0.05 20 20 0 27.2 275 27.2
0.02 0.05 8 20 12 115 11.3 11.4
0.01 0.05 4 20 16 5.71 5.66 5.13

0.007 0.05 2.8 20 17.2 3.63 4.68 4.19
0.005 0.05 2 20 18 3.30 3.17 3.07
0 0 20 20 0 0 0

Table 38: Sample preparation to study linearity of HPCE method.
Sample concentration is the concentration of the sa mple without taking
into account the dilution due to 20 gl ManANTS addition. Each sample
was prepared three times. Volumes were expressed in pL and
concentration in mM.

Samples were boiled during 10 min at 100°C in sealed Eppendorf tubes, in a
PCR machine, then cooled at room temperature, centrifuged and transferred to HPCE
vials and analyzed using the previously described HPCE method.

Integration events in the HPCE ChemStation were fixed at: Slope sensitivity
21.34; peak width 0.025; area reject 1.7; height reject 1.21.

To choose linearity limits, response factors (RF) defined as Relative Area divided
by nominal concentration were calculated for each sample. Linearity limits were defined
as concentrations of samples that have RF between (mean RF+10%) and (mean RF-
10%)"°°.
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3.3.2.- Detection and quantification limits.

Detection and quantification limits were defined as concentration of samples that

have 3 and 10 times, respectively, the height of ¥ of the maximum difference in height

of noise signal'®®.

3.3.3.- Repeatability.

Repeatability was evaluated at three different concentrations as it is presented
in the following table (File: MSV3042). Samples were boiled during 10 min at 100°C in

sealed Eppendorf tubes in a PCR machine, then cooled at room temperature,

centrifuged and transferred to HPCE vial an analyzed using the previously described

HPCE method. Mean relative area, standard deviation and variation coefficient were

evaluated at each concentration.

Sample | Stock | XXXGANTS | ManANTS | Water XXXGANTS/ManANTS

conc. conc. volume volume volume Relative area (x1)

1 5 4 20 16 613.1] 589.9] 566.4 563p 5814 581.

0.1 05 4 20 16 543 | 52.8| 57.1| 551 572 57

0.01 0.05 4 20 16 621 | 6.00| 652 6.07 637 58
Table 39: Sample preparation to study repeatability Sample

concentration is the concentration of the sample wi

account the dilution provoked due to 20

thout taking into

sample was prepared six times. Volumes were express

concentrations in mM.

K ManANTS addition. Each

ed in yl and
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3.4.- XXXGANTS standard curve.

Standard curve was prepared for ANTS labeled product quantification with
XXXGANTS (25) as it is described in the following table (File: MSV3060):

Sample Stock | XXXGANTS ManANTS Water XXXGANTS/ManANTS
concentration | conc. volume volume volume Relative area (x103)

1 2 10 20 10 632.1 634.5 633.5
0.7 2 7 20 13 452.8 454.3 446.9
0.5 2 5 20 15 317.4 133.3 130.3
0.3 2 3 20 17 199.1 197.8 198.1
0.2 2 2 20 18 128.1 133.3 130.3
0.1 0.2 10 20 10 64.7 63.7 64.5
0.05 0.2 5 20 15 32.9 35.2 33.9
0.02 0.2 2 20 18 13.4 13.9 13.6
0.01 0.02 10 20 10 7.16 6.94 6.92

0 0 20 20 0 0 0

Table 40: Sample preparation to obtain a XXXGANTS ( 25) standard
curve. Sample concentration is the concentration of the sample without
taking into account the dilution provoked due to 20 Ml ManANTS
addition. Each sample was prepared six times. Volum es were

expressed in pl and concentrations in mM.

Lineal regression was applied to data and quantification equation was obtained:

[XXXGANTS]=(1,56869+0,0052503)- A(XXXGANTS)/A(ManANTS)-(0,003014+0,00134667)
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3.5.- Comparison of response factor between XXXG-AN TS (25) and

XXXGXXXG-ANTS (31).

2.17 mg XXXG (10) were derivatized with 20 yL ANTS (0.15 M) in AcOH/water

(ImL, 3:17 viv) and 20 yL NaCNBH; (1 M) in freshly purified THF (1 mL), followed by
freeze drying and volume was adjusted at 1 mL with water, resulting in a 2.041 mM
solution of XXXG-ANTS.

3,86 mg XXXGXXXG (23) were derivatized with 20 yL ANTS (0.15 M) in

AcOH/water (ImL, 3:17 v/v) and 20 yL NaCNBH; (1 M) in freshly purified THF (1 mL),
followed by freeze drying and volume was adjusted at 1 mL with water, resulting in a
1.831 mM solution of XXXGXXXG-ANTS.

A serial dilution for each labeled oligosaccharide was prepared as it is

described in the following table using as internal standard approximately 1 mM

maltose-ANTS. (File: MSV5087)

Conc. XXXGANTS Water Maltose (XXXG),ANTS Water Maltose

volume volume volume Volume volume volume
1 9.80 10.20 20 10.92 9.08 20
0.7 6.86 13.14 20 7.65 12.35 20
0.5 4.90 15.10 20 5.46 14.54 20
0.4 3.92 16.08 20 4.37 15.63 20
0.2 1.96 18.04 20 2.18 17.89 20
0.1 0.98 19.02 20 1.09 18.91 20

Table 41: Sample preparation for standard curves of
and XXXGXXXGXXXGANTS (31), to compare response fact or of both

ANTS labeled oligosaccharides. Volumes are expresse

concentration in mM.

XXXGANTS (25)

d in pL and

Samples were analyzed using the previously described HPCE method and

response factor comparison was done plotting both relative areas to obtain a slope of

one if response factor are equivalent.
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4.- Determination of stock concentrations.

4.1.- Determination of [-glycosyl fluoride stock concentration.

B-glycosyl fluoride substrates were solved in double distilled water immediately
prior to use and immediately were frozen. Stock concentration is determined as the
difference between total fluoride measured after acid hydrolysis of substrate and the
free fluoride present in the sample.

Fluoride measurements were done using a fluoride selective electrode (FSE)
provided by Sentek and a pHmeter CyberScan 2500.

Free fluoride was measured on 25/500 dilution of substrate dissolution and
obtained voltage was interpolated in a fluoride standard curve prepared by dilution in
double distilled water of a NaF standard 100 ppm solution.

Acid hydrolysis of substrate solution was done by dilution of 25 yL of substrate
stock in 200 pL MilliQ water and 25 pL H,SO, 40 mM. Substrate solution was
hydrolyzed during 20 minutes at 100°C, cooled and neutralized with 25 yL NaOH 80
mM. Total fluoride was measured prior 275:500 dilution in double distilled water.
Voltage signal obtained was interpolated in a fluoride standard curve prepared by

parallel treatment of dilutions of standard 100 ppm NaF solution.

4.2.- Determination of XXXG-ANTS (25) stock concent ration.

Concentration of newly dissolved XXXG-ANTS (25) stock solutions were
calculated by interpolation of XXXG-ANTS (25) HPCE areas obtained from analysis of
1:1 dilution of XXXG-ANTS (25) with Man-ANTS internal standard in the XXXG-ANTS

(25) standard curve.

4 .3.- Determination of donor stock concentration.

Concentration of donor stocks was done by parallel ANTS analytical labeling of
a serial dilution of XXXGXXXG (23) (previously extensively purified by normal phase
and gel filtration chromatography) and the studied donor stock. Resulting reaction
crudes were freeze-dried and analyzed by HPCE prior water dissolution. A standard
curve was obtained from the ANTS labeled samples of the serial dilution of
XXXGXXXG (23). Areas resulting from evaluated donors were interpolated in this

standard curve to obtain stock concentration.
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4 .4 .- Ptt-XET16A concentration.

4.4.1.- Total enzyme concentration.

Determination of Ptt-XET16A  total concentration was done
spectrophotometrically at 280 nm using as extinction coefficient the ProtParam
calculated value 72970 Mt.cm® this program is available at

http://www.expasy.org/tools/.

4.4.2.- Active enzyme concentration.

Determination of active Ptt-XET16A concentration of newly received or
prepared stocks of enzyme was done by interpolation on a Ptt-XET16A standard curve
of initial rate obtained with the using 1 mM donor 23 and 5 mM acceptor 25 in
50:50 mM citrate:phosphate buffer at pH 5 and 30°C

Ptt-XET16A standard curve was obtained by determination of initial rates of
reaction between 1 mM donor 23 and 5 mM acceptor 25 in 50:50 mM citrate:phosphate
buffer at pH 5 and 30°C using a recently obtained and purified Ptt-XET16A stock, as it
is described in the Table 42 (File: MSV4006):

Stocks: XXXGXXXG (23): 20 mM, XXXGANTS (25): 75.275 mM, Ptt-XET16A:
28.995 uyM and 2.8995 pM.

[Ptt-XET16A] | XXXGXXXG | XXXGANTS Buffer Enzyme Water Initial rate
(HM) volume (WUL) | volume (uL) | volume (uL) | volume (uL) volume (uL) (mM/min)
0.2 5 6.64 50 6.90 31.96 0.00143
0.3 5 6.64 50 10.35 28.01 0.00225
0.5 5 6.64 50 17.24 21.11 0.00367
0.6 5 6.64 50 20.69 17.66 0.0049
0.9 5 6.64 50 3.10 35.25 0.0071

Table 42: Preparation of reaction crudes to obtain the Ptt-XET16A
standard curve and initial rates obtained at each e nzyme

concentration.
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5.- Kinetic studies.

5.1.- Preliminary evaluation of HPCE method to moni  tor XET
activity.

Ptt-XET16A (3.2 uM) catalyzed reaction between XG polymer (5 mg/ml) with
XGOs-ANTS mixture (25, 26+27 and 28) (approximately 15 mM) in 50 mM citrate 50
mM phosphate buffer at pH 5.5 and | = 0.5 M adjusted with NaCl and 30 °C was
monitored after during 42 h of reaction. 20 yL aliquots were taken at different time
points, 20 yL ManANTS (2 mM) were added, samples were heated at 100°C in sealed
tubes for 10 minutes, and they were analyzed by HPCE.

5.2.- Screening of putative Ptt-XET16A donors.

5.2.1.- Evaluation of #glycosyl fluorides as putative Ptt-XET16A
donors.

Reaction mixtures containing 1 mM B-glycosyl fluorides putative Ptt-XET16A
donors (1, 2 and 14), approximately 5 mM XGOs-ANTS mixture (25, 26+27 and 28)
and 3.2 uyM Ptt-XET16A in citrate : phosphate buffer 50 mM : 50 mM, 1=0.5 M, pH 5.5,
were incubated at 30°C during 48 hours. 20 yL aliquots were taken at different time
points, 20 yL of 2 mM ManANTS were added, samples were heated 10 minutes at
100 °C and analyzed by HPCE.

5.2.2.- Evaluation of Afluorides as new possible donors for Ptt-
XET16A, by fluoride release detection.

Reaction mixtures and controls to quantify transglycosylase activity using
XXXGBF (14) as donor, were prepared in citrate:phosphate buffer 50:50 mM, 1=0.5 M,
pH 5.5 and incubated at 30°C, as it is described in the following table. Fluoride release

was measured continuously with a fluoride selective electrode (FSE):
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[XXXGBF] | [XGOs] Ptt-XET16A
Assay
(mM) (mM) (HM)
Chemical hydrolysis 1 0 0
Control XGos 1 5 0
Enzymatic hydrolysis 1 0 3.2
Enzymatic transglycosylation 1 5 3.2

Table 43: Analysis of XXXG BF (14) as a putative new donor for  Ptt-
XET16A.

Resulting voltages over time were interpolated in a fluoride standard curve
prepared by dilution of a 100 ppm fluoride standard in citrate : phosphate buffer
50 mM : 50 mM, 1=0.5 M, pH 5.5 and 30°C to obtain mM/s values.

5.2.3.- Evaluation of the first family of synthetic XGOs as putative
Ptt-XET16A donors.

XGGG (18), XGXGGG (19), XGXGXGGG (20), XXXGGG (21), XXXGXXXGGG
(22), XXXGXXXG (23) and XXXGXXXGXXXG (24) have been evaluated as putative
new donors for XET using the HPCE method presented before.

Time point aliquots of reaction mixtures containing 5 mM putative donors (18, 19,
20, 21, 22, 23 or 24), approximately 5 mM XGOs-ANTS mixture (25, 26+27 and 28),
3.2 uyM Ptt-XET16A in 50 mM citrate 50 mM phosphate buffer pH 5.5, | = 0.5 M
(adjusted with NaCl) and 30 °C, were analyzed using the previously presented HPCE

method.

5.3.- Ptt-XET16A kinetic characterization.

All enzymatic reactions were done in 50 mM citrate—50 mM phosphate buffer
adjusted to the desired pH with NaOH. lonic strength was kept constant at | = 0.5 M
with added NaCl. Reactions were performed in a final volume of 100 pL in a
thermostatic bath at the desired temperature. 20 yL aliquots were withdrawn at

different time intervals, mixed with 20 yL of ManANTS 2 mM in water as internal

235



reference, the mixture heated at 100°C for 10 min in a sealed tube, and finally, samples
were analyzed by the HPCE method presented before.

Reactions with XXXGXXXG (23) as donor and XXXG-ANTS (25) as acceptor
substrates for reaction monitoring, product characterization, and enzyme standard
curve generation were done at 1 mM 23, 5 mM 25, 0.1-1.5 yM enzyme at pH 5.5, 30°C.

Product concentration from the electropherograms was determined from
relative peak areas using Man-ANTS as internal reference by interpolation in the
XXXGANTS (25) standard curve. Initial rates in product formation (vo in mM/min) were
calculated as the slope of the linear region of the time course (0 to 20 min)

corresponding to < 10% substrate to product conversion.

5.3.1.- Ptt-XET16A specific activity.

For enzyme standard curve concretely, concentrations and resulting initial rates

were presented in the following table (File: MSV4006)

[Ptt-XET16A] [XXXGXXXG (23)] | [XXXG-ANTS (25)] Vo (MM/min)
(UM) (mM) (mM)
0.9 1 5 0.00709
0.6 1 5 0.00485
0.5 1 5 0.00367
0.3 1 5 0.00230
0.2 1 5 0.00143
0 1 5 0

Table 44: Substrate and enzyme concentrations to de  termine enzyme

standard curve and initial rates obtained.

Data obtained for enzyme standard curve was fitted to lineal regression to
obtain specific activity equation (Equation 10) which was used to determine active

enzyme concentration of new enzyme stocks.

Vo (™) = 0.00781[E(1M)

Equation 10: Ptt-XET16A specific activity equation at 1 mM 23 and
5mM 25.
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5.3.2.- pH profile.

In the study of dependence of activity with pH, reaction mixtures contained
1 mM 23, 5 mM 25, 0.3 pM Ptt-XET16A, in the pH range of 3 to 8 at 30°C. Buffers
(phosphate 50 mM : citrate 50 mM | = 0.5 M adjusted with NaCl) were prepared as it is
indicated by Ellis and Morrison®®. Obtained initial rates are presented in the following
table (Table 45) (File: pH profile).

Ph Vol[E] (1/s) pH Vol[E] (1/s)
2,95 0.000 5,81 0.113
3,98 0.000 6,08 0.066
4,51 0.032 6,08 0.067
4,51 0.022 6,32 0.046
4,78 0.131 6,56 0.028
4,78 0.126 6,56 0.028
5,07 0.136 7,06 0.010
5,57 0.130 7,51 0.005
5,57 0.130 7,51 0.006
5,57 0.130 8,03 0.000

Table 45: Ptt-XET16A steady state initial rates at different pH.

Activity follows a single ionization curve at high pH values. Data from pH 5 to 8

were fitted to Equation 11:

_ Vi [PH
° 14107

Equation 11: Equation fitted to  Ptt-XET16A activity dependence on pH.

5.3.3.- Temperature profile.

The temperature dependence of enzyme activity was performed at 1 mM 23
and 5 mM 25 and 0.3 pM Ptt-XET16A at constant pH 5.5, temperature ranging from 10
to 50°C. Buffers were again prepared as it was indicated by Ellis and Morrison®®,

results are presented in the following table (Table 46) (File: Temp profile):
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Temp. (°C) Vo/[E] (1/s) Temp. (°C) Vo/[E] (1/s)
10 0.036 35 0.128
10 0.030 35 0.135
10 0.033 40 0.133
20 0.070 40 0.128
20 0.058 40 0.133
20 0.072 45 0.109
25 0.082 45 0.105
30 0.130 50 0.035
30 0.130 50 0.056
30 0.130 60 0.003

Table 46: Ptt-XET16A steady state initial rates at different
temperatures.

5.3.4.- Ptt-XET16A kinetic mechanism using XXXGXXXG (23) as
donor.

Steady-state kinetics, varying donor 23 and acceptor 25 substrate
concentrations, were performed at pH 5.5, 30°C, with donor 0.3 — 5 mM, acceptor
0.5 — 10 mM (matrix of approximately 8 donor x 8 acceptor concentrations), and
Ptt-XET16A enzyme 0.3 uM. Kinetic data vy/[E]o=f([donor],[acceptor]) was fitted to
modified ping-pong bi-bi kinetic models by non-linear regression using the FigP and

SigmaPlot software packages. Results were presented in the following table (Table 47)

(File: Matrix XXXG2).

[XXXGXXXG] | [XXXGANTS] Vo/[E] [XXXGXXXG] | [XXXGANTS] | VJ/[E]

(mM) (mM) (1/seq) File (mM) (mM) (1/seq) File
0,3 2 0.0636 | MSV4084 1 7 0.1168 | MSV4097
0,3 3 0.0726 | MSV4096 1 9 0.1071 | MSV4097
0,3 4 0.0751 | MSV4091 1 9 0.1160 | MSV4097
0,3 4 0.0623 | MSV4095 1 10 0.1179 | MSV4059
0,4 3 0.0790 | MSV4098 15 0,7 0.0571 | MSV4087
0,4 5 0.0876 | MSV4077 15 1 0.0771 | MSV4087
0,5 2 0.0994 | MSV4084 1,5 1,5 0.0935 | MSV4095
0,5 3 0.1180 | MSV4088 15 2 0.1139 | MSV4082
0,5 3 0.1209 | MSV4096 15 2,5 0.1241 | MSV4095
0,5 3 0.1044 | MSV4098 15 0.1464 | MSV4087
0,5 4 0.0873 | MSV4086 15 0.1412 | MSV4088
0,5 5 0.0921 | MSV4076 1,5 0.1464 | MSV4086
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[XXXGXXXG] | [XXXGANTS] Vo/[E] [XXXGXXXG] | [XXXGANTS] | VJ/[E]

(mM) (mM) (1/seg) File (mM) (mM) (1/seg) File
0,5 7 0.0784 MSV4096 1,5 4 0.1566 | MSV4087
0,7 0,5 0.0498 | MSV4085 15 5 0.1458 | MSV4076
0,7 1 0.0852 | MSV4085 1,5 6 0.1408 | MSV4095
0,7 1,5 0.0998 MSV4085 1,5 7 0.1428 | MSV4087
0,7 2 0.1232 MSV4082 1,5 7 0.1395 | MSV4095
0,7 2 0.1222 | MSV4085 2 1 0.0599 | MSV4083
0,7 3 0.1197 | MSV4085 2 1 0.0537 | MSV4084
0,7 3 0.1285 | MSV4088 2 2 0.0981 | MSV4082
0,7 3 0.1226 MSV4095 2 2 0.0901 | MSV4084
0,7 4 0.1165 MSV4085 2 3 0.1359 | MSV4083
0,7 4 0.1206 | MSV4086 2 3 0.1371 | MSV4084
0,7 5 0.1111 | MSV4074 2 3 0.1291 | MSV4098
0,7 5 0.1147 | MSV4095 2 4 0.1349 | MSV4083
0,7 6 0.1110 MSV4095 2 4 0.1394 | MSV4093
0,7 7 0.1056 MSV4085 2 4 0.1395 | MSV4095
0,7 7 0.0935 | MSV4087 2 5 0.1566 | MSV4074
0,7 7 0.0984 | MSV4091 2 5 0.1549 | MSV4093
0,7 7 0.1065 MSV4095 2 6 0.1503 | MSV4093
0,85 2 0.1227 MSV4082 2 7 0.1450 | MSV4083
0,85 2 0.1155 MSV4082 2 7 0.1548 | MSV4096
0,85 4 0.1305 | MSV4086 2 8,5 0.1450 | MSV4093
1 0,5 0.0540 | MSV4059 2 10 0.1302 | MSV4083
1 0,5 0.0525 MSV4097 2,5 3 0.1204 | MSV4098
1 0,7 0.0682 MSV4059 2,5 5 0.1594 | MSV4077
1 1 0.0748 MSV4059 3 1 0.0456 | MSV4083
1 1 0.0839 | MSV4097 3 2 0.0812 | MSV4082
1 1,5 0.0947 | MSV4059 3 3 0.1177 | MSV4088
1 2 0.1069 MSV4059 3 3 0.1167 | MSV4096
1 2 0.1137 MSV4082 3 4 0.1285 | MSV4083
1 2 0.1225 | MSV4097 3 4 0.1394 | MSV4086
1 3 0.1249 | MSV4059 3 5 0.1479 | MSV4076
1 3 0.1313 | MSV4096 3 5 0.1656 | MSV4077
1 3 0.1437 MSV4097 3 5 0.1536 | MSV4078
1 3 0.1296 MSV4098 3 6 0.1598 | MSV4093
1 3 0.1373 | MSV4098 3 7 0.1595 | MSV4083
1 4 0.1421 | MSV4078 3 8,55 0.1498 | MSV4093
1 4 0.1418 | MSV4097 3 10 0.1499 | MSV4083
1 4 0.1302 MSV4097 3 12 0.1534 | MSV4093
1 4 0.1348 MSV4098 4 2 0.0692 | MSV4082
1 5 0.1302 | MSV4072 4 3 0.0968 | MSV4088
1 5 0.1302 | MSV4073 4 3 0.0969 | MSV4098
1 5 0.1302 MSV4074 4 4 0.1246 | MSV4086
1 5 0.1302 MSV4076 4 4 0.1235 | MSV4095
1 5 0.1297 MSV4077 4 5 0.1263 | MSV4073
1 5 0.1302 | MSV4078 4 5 0.1280 | MSV4076
1 5 0.1302 | MSV4097 4 5 0.1429 | MSV4077
1 5 0.1302 MSV4098 4 7 0.1499 | MSV4087
1 6 0.1299 MSV4098 5 2 0.0629 | MSV4082
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[XXXGXXXG] | [XXXGANTS] Vo/[E] [XXXGXXXG] | [XXXGANTS] | VJ/[E]
(mM) (mM) (1/seg) File (mM) (mM) (1/seq) File
1 7 0.1272 MSV4072 5 4 0.1211 | MSV4086
1 7 0.1287 | MSV4078 5 5 0.1203 | MSV4076
1 7 0.1221 | MSV4097 5 7 0.1430 | MSV4087
6 5 0.1149 | MSV4077

Table 47: Initial rates of

Ptt-XET16A catalyzed reaction between and at

different donor 23 and acceptor 25 concentrations.

5.3.5.- Ptt-XET16A kinetic mechanism using GalGXXXGXXXG (38) as

donor.

Steady-state kinetics,

varying donor

38 and acceptor

25 substrate

concentrations, were performed at pH 5.5, 30°C, with donor 0.5 — 7 mM, acceptor

0.3 — 7 mM (matrix of approximately 7 donor x 7 acceptor concentrations), and

Ptt-XET16A enzyme 0.1 uM. Kinetic data vy/[E]o=f([donor],[acceptor]) was fitted to

modified ping-pong bi-bi kinetic models by non-linear regression using the FigP and

SigmaPlot software packages. Results were presented in the following table (Table 48)
(File: Matrix GalGXXXG2).

[GalGXXXGXXXG] |[XXXGANTS] | Vo/[E] File [GalGXXXGXXXG] |[XXXGANTS] | Vo/[E] File
(mM) (mM) (1/seq) (mM) (mM) (1/seq)

0,5 0,3 0,469 | MSV5068 2 3 0,994 |MSV5074
0,5 0,5 0,426 | MSV5069 2 4 0,796 |MSV5076
0,5 0,7 0,418 | MSV5069 2 4 0,823 |MSV5074
0,5 1 0,363 | MSV5068 2 5 0,759 |MSV5076
0,5 1 0,415 | MSV5069 2 5 0,688 |MSV5074
0,5 15 0,386 | MSV5069 2 7 0,540 |MSV5076
0,5 2 0,373 | MSV5068 3 0,5 1,037 |MSV5066
0,5 2 0,359 | MSV5069 3 1 1,309 | MSV5066
0,5 3 0,223 | MSV5068 3 1 1,384 | MSV5066
0,5 3 0,264 | MSV5069 3 1 1,231 |MSV5066
0,5 4 0,175 | MSV5068 3 2 1,403 |MSV5065
0,5 4 0,204 | MSV5069 3 2 1,273 | MSV5065
0,5 5 0,231 | MSV5068 3 2 1,329 | MSV5067
0,7 1 0,525 | MSV5064 3 3 1,112 | MSV5065
0,7 5 0,348 | MSV5064 3 3 1,117 |MSV5065

1 0,3 0,482 | MSV5072 3 3 1,254 |MSV5067

1 0,3 0,604 | MSV5075 3 4 0,981 |MSV5074

1 0,4 0,652 | MSV5072 3 4 1,004 | MSV5067
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[GalGXXXGXXXG] |[XXXGANTS] | Vo/[E] File [GalGXXXGXXXG] |[XXXGANTS] | Vo/[E] File

(mM) (mM) (1/seq) (mM) (mM) (1/seq)

1 0,5 0,662 | MSV5072 3 5 1,088 | MSV5074
1 0,5 0,788 | MSV5075 3 5 1,050 | MSV5074
1 0,7 0,714 | MSV5075 3 5 0,960 | MSV5067
1 0,75 0,788 | MSV5075 3 7 0,837 | MSV5074
1 1 0,787 | MSV5071 3 7 0,870 | MSV5074
1 1 0,680 | MSV5075 4 0,5 1,334 | MSV5070
1 1 0,697 | MSV5072 4 1 1,462 | MSV5071
1 1 0,756 | MSV5075 4 1 1,408 | MSV5070
1 1,5 0,658 | MSV5075 4 15 1,551 | MSV5070
1 2 0,737 | MSV5071 4 2 1,529 | MSV5071
1 2 0,554 | MSV5071 4 2 1,395 | MSV5070
1 2 0,682 | MSV5075 4 3 1,480 | MSV5071
1 2 0,683 | MSV5067 4 3 1,372 | MSV5070
1 3 0,527 | MSV5064 4 4 1,246 | MSV5071
1 3 0,561 | MSV5075 4 4 1,256 | MSV5070
1 3 0,564 | MSV5067 4 5 1,299 | MSV5071
1 4 0,483 | MSV5064 4 5 1,107 | MSV5070
1 4 0,418 | MSV5075 4 7 0,997 | MSV5071
1 5 0,417 | MSV5064 4 7 0,971 | MSV5071
1 5 0,428 | MSV5075 5 0,5 1,178 |MSV5076
1 5 0,395 | MSV5067 5 1 1,550 | MSV5076
1 7 0,320 | MSV5064 5 2 1,887 | MSV5072
1 7 0,303 | MSV5064 5 2 1,820 | MSV5076
1 7 0,285 | MSV5064 5 2 1,734 | MSV5076
1 7 0,298 | MSV5072 5 3 1,718 |MSV5072
1,5 1 0,920 | MSV5076 5 3 1,712 | MSV5076
1,5 2 0,862 | MSV5067 5 4 1,567 | MSV5072
15 3 0,697 | MSV5067 5 4 1,503 | MSV5076
1,5 4 0,622 | MSV5067 5 5 1,393 | MSV5072
1,5 5 0,601 | MSV5067 5 5 1,330 | MSV5072
2 0,5 0,818 | MSV5065 5 5 1,364 | MSV5076
2 0,75 1,009 | MSV5065 5 7 1,255 | MSV5070
2 1 1,183 | MSV5065 5 7 1,161 | MSV5072
2 1 1,141 | MSV5065 5 7 1,267 | MSV5066
2 1 1,079 | MSV5074 6 2 1,902 | MSV5066
2 1,5 1,154 | MSV5074 6 7 1,276 | MSV5066
2 2 1,052 | MSV5065 7 5 1,643 | MSV5066
2 2 1,120 | MSV5074 7 7 1,389 | MSV5066
2 3 0,912 | MSV5065 7 7 1,536 | MSV5066
2 3 0,927 | MSV5065

Table 48: Initial rates for Ptt-XET16A steady state kinetics using

GalGXXXGXXXG (38) as donor and XXXG-ANTS (25) as ac ceptor.
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5.4.- Donor screening and subsite mapping.

Kinetics were performed in citrate : phosphate buffer 50 mM : 50 mM 1=0.5 M
(adjusted with KCI) and pH 5.5, donor concentration was varied between 0.3 and
1 mM, acceptor (XXXG-ANTS (25)) was 5 mM, and enzyme concentration between
0.1 and 6.8 uM. At different time points, 20 uL of reaction solution was taken, diluted
with 20 pL of approximately 2 mM Man-ANTS internal standard and boiled for
10 minutes to stop reaction. Samples were analyzed on HPCE and initial rate was
determined at different donor concentrations. |Initial rates at different donor
concentration, for each substrate within the library, were presented in the following
table (Table 49). Slope of initial rates versus donor concentration determines Kca/Kwy

value, presented also in the following table (Table 49).
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XXXGXXG (46)------ Kcat/Km=57.8 £4.3

File [Donor] (mM) Vv o (MM/min) Vv o/[E] (1/s)
MSV4013 0.465 0.00057 0.03242
MSV4013 0.651 0.00075 0.04207
MSV4013 0.79 0.00084 0.04721
MSV4013 0.93 0.00094 0.05331

XXXGXXXG (23) ------ Keat/Kn=142.3 £6.7

File [Donor] (mM) V o (MM/min) Vv o/[E] (1/s)
MSV4011 0.7 0.00205 0.11583
MSV4011 0.85 0.00221 0.12476
MSV4024 0.5 0.00129 0.07649
MSV4024 0.7 0.00186 0.11036
MSV4024 0.85 0.00210 0.12505
MSV4076 0.5 0.00159 0.09208
MSV4074 0.7 0.00194 0.11112
MSV4095 0.7 0.00203 0.11466
MSV5062 04 0.00114 0.06882
MSV5062 0.5 0.00132 0.07986
MSV5062 0.7 0.00179 0.10773
MSV5062 0.85 0.00199 0.11985
MSV4060 0.7 0.00182 0.11241
MSV4060 0.85 0.00215 0.13283
MSV4060 1 0.00238 0.14719

XXXGXXXGXXXG (24) first product ------ K ca/Km=221.1+15.8

File [Donor] (mM) V o (MM/min) Vv o/[E] (1/s)
MSV4011 0.35 0.00155 0.08743
MSV4011 0.425 0.00180 0.10166
MSV4011 0.5 0.00195 0.11013
MSV4022 0.25 0.00112 0.07206
MSV4022 0.35 0.00142 0.09137
MSV4022 0.425 0.00162 0.10424
MSV4022 0.5 0.00176 0.11324




XXXGXXXGXXXG (24)second product ------ K ca/Kuw=343.8+£19.1

File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV4011 0.25 0.00179 0.10132
MSV4011 0.35 0.00219 0.12368
MSV4011 0.425 0.00256 0.14458
MSV4011 0.5 0.00300 0.16943
MSV4022 0.25 0.00160 0.10295
MSV4022 0.35 0.00200 0.12869
MSV4022 0.425 0.00236 0.15185

GGXXXG (50) ------ Kcat/Km=1.16 + 0.02

File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV4019 0.438 0.00025 0.00050
MSV4019 0.613 0.00037 0.00072
MSV4019 0.744 0.00045 0.00089
MSV4019 0.875 0.00052 0.00102
MSV4013 0.875 0.00035 0.00099

GGGXXXG (51) ------ Kcat/Km=40.9 + 2.6

File [Donor] (mM) V o (MM/min) Vv o/[E] (1/s)
MSV5063 0.400 0.00085 0.01277
MSV5063 0.500 0.00123 0.01857
MSV5063 0.700 0.00163 0.02452
MSV5063 0.850 0.00242 0.03644
MSV5062 0.400 0.00044 0.01341
MSV5062 0.500 0.00067 0.02008
MSV5062 0.700 0.00088 0.02667
MSV5062 0.850 0.00108 0.03269

GGGGXXXG (52)------ Kcat/Kn=96.5 + 4.7

File [Donor] (mM) V o (MM/min) Vv o/[E] (1/s)
MSV4009 0.315 0.00051 0.02903
MSV4009 0.441 0.00072 0.04049
MSV4009 0.536 0.00086 0.04851
MSV4009 0.630 0.00112 0.06310
MSV4015 0.441 0.00060 0.03714
MSV4015 0.630 0.00097 0.06001
MSV4025 0.315 0.00055 0.03241
MSV4025 0.441 0.00077 0.04544
MSV4025 0.630 0.00104 0.06136

XGXXXG (54)------ Kcat/Knv=1.66 +0.13

File [Donor] (mM) Vv o (MM/min) v o/[E] (1/s)
MSV4017 0.460 0.00049 0.00098
MSV4017 0.644 0.00064 0.00126
MSV4017 0.782 0.00071 0.00141
MSV4017 0.920 0.00079 0.00156
MSV4013 0.920 0.00079 0.00154

XXGXXXG (29) ------ Kcat/Knm=57.1+ 6.2

File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV4017 0.468 0.01175 0.03368
MSV4017 0.655 0.01341 0.03843
MSV4022 0.468 0.00157 0.03033
MSV4022 0.655 0.00196 0.03781
MSV4028 0.468 0.00206 0.03394
MSV4028 0.655 0.00227 0.03730
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XGGXXXG (55)--——--

Kcat/Km=68.8 £4.1

File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV4008 0.418 0.00047 0.02677
MSV4008 0.585 0.00070 0.03959
MSV4008 0.710 0.00080 0.04512
MSV4008 0.835 0.00095 0.05365
MSV4015 0.418 0.00041 0.02509
MSV4015 0.710 0.00076 0.04696
MSV4020 0.585 0.00156 0.04474
MSV4020 0.710 0.00177 0.05081
MSV4028 0.418 0.00190 0.03129
MSV4028 0.585 0.00261 0.04302
MSV4028 0.835 0.00370 0.06100

GXXGXXXG (53)------ Kcat/Knv=202.8 £17.4

File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV4008 0.314 0.00121 0.06834
MSV4008 0.440 0.00153 0.08641
MSV4008 0.534 0.00189 0.10697
MSV4008 0.628 0.00216 0.12171
MSV4024 0.314 0.00144 0.08585
MSV4024 0.440 0.00169 0.10066
MSV4024 0.534 0.00209 0.12416
MSV4024 0.628 0.00243 0.14430
MSV4020 0.314 0.00142 0.08138
MSV4020 0.534 0.00204 0.11695

XGXGXXXG (56)------ Kcat/Kv=83.8 +5.3

File [Donor] (mM) Vv o (MM/min) v o/[E] (1/s)
MSV4060 0.300 0.00065 0.02413
MSV4060 0.400 0.00087 0.03222
MSV4061 0.300 0.00113 0.02757
MSV4061 0.400 0.00159 0.03869
MSV4061 0.500 0.00164 0.03998
MSV4063 0.300 0.00094 0.02745
MSV4063 0.400 0.00120 0.03510
MSV4063 0.250 0.00085 0.02473
MSV4065 0.350 0.00109 0.03324
MSV4065 0.450 0.00135 0.04111
MSV4065 0.500 0.00141 0.04300

GalGXXXG (40)------ Kcat/Km= 1.66 +0.07

File [Donor] (mM) Vv o (MM/min) v o/[E] (1/s)
MSV4014 0.465 0.00027 0.00082
MSV4014 0.651 0.00033 0.00102
MSV4014 0.791 0.00044 0.00136
MSV4014 0.930 0.00050 0.00154

GalGXXXGGG (59)------ Kca/Km=1.70 £0.14

File [Donor] (mM) V o (MM/min) Vv o/[E] (1/s)
MSV4014 0.405 0.00022 0.00069
MSV4014 0.567 0.00030 0.00093
MSV4014 0.689 0.00043 0.00135
MSV4014 0.810 0.00042 0.00131
MSV4019 0.405 0.00028 0.00081
MSV4019 0.689 0.00042 0.00119




GalGXXXGXXXG (38)------ Kcat/Km= 395.0 + 25.2
File [Donor] (mM) vV o (MM/min) Vv o/[E] (1/s)
MSV5063 0.400 0.00363 0.21866
MSV5063 0.500 0.00403 0.24327
MSV5063 0.700 0.00529 0.31915
MSV5063 0.850 0.00615 0.37124
MSV5064 0.500 0.00338 0.23062
MSV5064 0.700 0.0051 0.34812
MSV5064 1.000 0.00611 0.41723
MSV5066 1.000 0.00161 0.42814
MSV5071 1.000 0.00135 0.39497

Table 49: Initial rates and k ¢/Ky (M™:s™) obtained for each substrate

within the library at different donor concentration S.

5.5.- Yield after 24 h reaction.

Reactions were done on citrate phosphate buffer 50 mM:50 mM 1=0.5 M

(adjusted with KCI) and pH 5.5. Donor concentration was 1 mM, acceptor

(XXXGANTS(25)) was 5 mM, and enzyme concentration was 3 uM. Samples were

taken at 24 h and processed as kinetic time points, on kinetic experiments.
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6.- Spectroscopic techniques.

6.1.- Absorbance spectra.

Absorbance spectra were recorded in a Helios-a (Unicam) spectrophotometer,
equipped with a thermostated cell holder. All measurements were done at 30°C in a 1

cm light path quartz cuvette.

6.2.- Fluorescence spectra.

Fluoresce spectra were recorded in a Fluoromax-2 spectrofluorimeter, equipped
with a thermostated cell holder. All measurements were done at 30°C. Fluorescence
measurements were done in a quartz fluorescence cell (3 mm excitation light path and
3 mm emission light path), excitation slit was set up at 10 nm and emission slit at 5 nm.

Excitation maximum wavelength was determined by excitation between 220
and 480 nm recording fluorescence emission at 485 nm. Emission maximum
wavelength was determined by excitation at 345 nm and recording emission intensities
between 380 and 650 nm.

Kinetic experiments were performed in the same equipment monitoring
fluorescence intensity at 485 nm (excitation wavelength 345 nm) each 5 minutes during

30 minutes reaction.
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