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Structural and Interaction Studies of Polysaccharides by NMR
Spectroscopy

Abstract
In this thesis, polysaccharides of different origins have been investigated by NMR
spectroscopy with regard to structures and interactions.

In paper I, hydrogen bonding interactions in kappa- (x) and kappa/mu- (x/p) hybrid
carrageenan oligosaccharides were studied by NMR spectroscopy of hydroxy protons.
Weak hydrogen bonding over the 1 —4 glycosidic linkage of p-carrabiose was observed
in the k/p oligosaccharides. In the hexasaccharide kux and octasaccharide kuuk, one
and two hydrogen bonds respectively were found over the 1—4 glycosidic linkage. In
the decasaccharide kpppix, a loss of a hydrogen bond in the inner p-unit was observed,
suggesting higher flexibility in a p-unit having other p-units as neighbors.

In papers II and III, the activities and substrate specificities of three new alginate
lyases were characterized. The alginate lyase from the marine bacteria Pseudomonas
alginovora showed an endo-cleaving activity with a strict specificity for M-block
alginates. The AlyAl lyase from the marine bacteria Zobellia galactanivorans, showed
an endo-cleaving activity with a strict specificity for G-block alginates, whereas AlyAS
showed an exo-cleaving activity with a broad substrate tolerance, degrading
oligosaccharides down to monosaccharides.

Paper IV describes the elucidation of the primary structure of the O-specific
polysaccharide and core oligosaccharide from the lipopolysaccharide produced by the
Gram-negative bacteria Plesiomonas shigelloides strain CNCTC 92/89 (024:HS). The
O-specific polysaccharide was composed of a tetrasaccharide repeating unit:
—3)-0-FucpNAc-(1—3)-a-GalpNAcA-(1—3)-a-QuipNAc-(1—, with a-RhapNAc
linked (1—4) to o-GalpNAcA. The core oligosaccharide was composed of a
decasaccharide.
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1 Introduction

Polysaccharides are carbohydrate polymers and are among the most ubiquitous
and versatile biomaterials available. They have a high structural diversity
which is a result of the high variability in monosaccharide composition,
sequence and linkage position, anomeric configuration, molecular weight and
charge density. Further variability arises with their susceptibility to ionic
strength and degree of hydration, which can alter the higher-order structure.
The structural diversity of polysaccharides is a reason for the immense
variance of chemical properties they possess. In nature polysaccharides are
found, for example, as plant building material (cellulose), as energy storage
(starch) or as protective coating for bacteria. In industry carbohydrate polymers
are used in various areas such as food, textile, paper, pharmaceutical,
adhesives, and biofuel.

Alginates and carrageenans are two marine polysaccharides studied in this
thesis. They are used predominantly in the food industry as viscosity
enhancers. Depending on their structure, these polysaccharides possess
different degrees of gel-forming ability. The fine structure of the
polysaccharides and how alteration of the structure affects the chemical
properties are important for the optimization of the gel-forming ability. The
carrageenan polysaccharides may be altered through alkali treatment to
increase the gel strength, but the extent to which this should be done to obtain
the best gelation properties is in many cases not yet optimized. In the case of
alginate polysaccharides no chemical conversion of mannuronic acid into
guluronic acid can be done, but there is ongoing research in finding
enzymatically modification techniques to alter the structure to achieve the
optimal gelation ability.

Lipopolysaccharides (LPS) are the main component of the outer membrane
of Gram-negative bacteria. The development of vaccines against Gram-
negative bacteria is based on the production of antibodies that can bind to the



outer part of the lipopolysaccharide. The elucidation of the polysaccharide
structure is essential for the construction of antibodies.

1.1 Specific Aims

In this thesis, polysaccharides of different origins have been studied with
respect to structures and interactions.

In paper I, the hydration, hydrogen bonding, and structural flexibility of
kappa, and kappa/mu hybrid carrageenan oligosaccharides were studied using
NMR of hydroxy protons.

In papers II and III, three new alginate lyases from the two marine bacteria
Pseudomonas alginovora and Zobellia galactanivorans were characterized in
terms of substrate specificity, end products and minimal recognition pattern.

In paper IV, the primary structure of the O-specific polysaccharide and of
the core oligosaccharide from the lipopolysaccharide produced by Plesiomonas
shigelloides 024:H8 (Strain CNCTC 92/89) were elucidated.
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2 Carbohydrates

Carbohydrates were first described as hydrates of carbon because of their
general empirical formula C,(H,0O), but they are more properly defined as
polyhydroxy aldehydes, polyhydroxy ketones, or derivatives of these
(Kamerling et al., 2007; McNaught, 1997). Carbohydrates are divided into
monosaccharides, oligosaccharides and polysaccharides depending on the
number of residues. Monosaccharides are the single carbohydrate building
blocks, whereas oligosaccharides are composed of ~2-10 monosaccharides and
polysaccharides of more than ten monosaccharides. The monosaccharides are
described as aldoses or ketoses, based on whether they contain an aldehyde or
a ketone functional group. They are further categorized according to the
number of carbon atoms they contain in the backbone; trioses (3 carbons),
tetroses (4), pentoses (5), hexoses (6), and heptoses (7). The acyclic forms of
the D-aldoses containing three to six carbons are illustrated in Figure 1.
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CH,OH H,OH H,OH CHyOH
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Figure 1. Fischer projections of the D-enantiomers of the common aldotriose, aldotetroses,
aldopentoses and aldohexoses.
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The overall configuration of the monosaccharide is defined as D or L, and is
determined by the orientation of the OH-group at the highest numbered
stereogenic carbon. The monosaccharides exist preferably as cyclic
hemiacetals and hemiketals, and the cyclic forms arise from the intramolecular
nucleophilic attack of a hydroxyl oxygen atom at the carbonyl carbon of the
acyclic species. This cyclization can result in a five-membered furanose ring (f)
or a six-membered pyranose ring (p) (Figure 2). This ring formation creates a
new stereogenic center at the carbonyl carbon, called anomeric center. There
are two possible stereoisomers referred to as anomers, and they are designated
as o or P depending on the spatial orientation of the anomeric hydroxyl group
(Figure 2). A mixture of the chiral forms of o and B is represented by a “wavy”
line. The interconversion between the o and B-forms of pyranose and furanose,
through ring opening and closure until the equilibrium is reached is referred to
as mutarotation.

a-D-glucopyranose (a-D- Glcp) B-D-glucopyranose (3-D-Glcp) o-D- glucofuranose a-D-Glcf)  B-D- glucofuranose B-D-Glcf)

Figure 2. The four different ring structures of D-glucose. Anomeric carbon at C1.

Furanose and pyranose ring forms can exist as different conformers that can
interconvert if the energy barrier is small. A furanose can exist in two different
families of conformers; twist (T) and envelope (E). A pyranose can exist in
five different families of conformers: chair (C), boat (B), skew (S), half-chair
(H) and envelope (E) (Figure 3). The most stable conformation of a
six-membered pyranose ring is the chair; there are two isomeric chair
conformations, the *C, (the superscript corresponds to the number of the
C-atom in the upper position of the chair and the subscript to that in the lower
position) and 'C, (Figure 3). The conformation that is preferred is the one that
allow most of the bulky groups (hydroxyl and hydroxymethyl groups) to be in
the equatorial positions.

5
4 o 1 4 1 2 o]
Q
N [ o O 7
14
ic 'c g 2 5H %

Figure 3. The two chair (C) conformers ‘C; and 'C,, one boat (B), one skew (S), one half-chair
(H), and one envelope (E) conformers.
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Monosaccharides such as the ones presented in Figure 1, can be modified into
sugar derivatives that cannot be represented by the general formula C,(H,0),.
The most common derivatives are the sugar acids, deoxy sugars, amino sugars
and amino sugars with N-acetylation (Figure 4).

GalA GalN GalNAc

OHOH

Gal Fuc
oHOH OH oH oHOH
HO. HO. HO. HO. HO.
OH OH 'OH OH 'OH OH NH, o NH OH
o:<E
Hs
Figure 4. Examples of different monosaccharide derivatives of galactose. From the left to the

right: Gal (galactose), GalA (the uronic acid of galactose), Fuc (the C6 deoxy sugar of galactose),
GalN (the C2 amino sugar of galactose), and GalNAc (the acetylated amino sugar of galactose).

Monosaccharides can be covalently joined together by a glycosidic linkage to
form oligo- or polysaccharides. The glycosidic linkage is formed when a
hemiacetal group of one monosaccharide reacts with any of the free hydroxyl
groups of another monosaccharide through a condensation reaction, resulting
in an acetal. To describe the location of the glycosidic linkage, position
numbers are used, for example (1—3) linked if the anomeric carbon in an
aldose reacts with the free hydroxyl group at carbon 3 of another sugar residue.
In oligo- and polysaccharides, the end that contains the free anomeric carbon is
called reducing end while the other end is called the non-reducing end. The
size of the oligo- and polysaccharide can be described as the degree of
polymerization (DP) that is defined as the number of monomeric units or the
number of repeating units. Polysaccharides can be further classified as
homopolysaccharides that are composed of identical monosaccharides or
heteropolysaccharides that are composed of two or more different types of
monosaccharides. The heteropolysaccharides can also be described as
copolymers, with an alternating or block structure of the different
monosaccharides. The oligo- and polysaccharides can furthermore have a
linear or a branched structure. The high diversity within carbohydrates can be
understood when looking at the variety of monosaccharide structures, the
sequence of glycosidic linkages between the monosaccharides, the variability
of linkages and the different kinds of branching. The function and properties of
oligo- and polysaccharides are dependent on the structure, and with the high
diversity the functions of polysaccharides are extensive.

In the following sections, the three different polysaccharides studied in this
thesis are described in more detail.



2.1 Carrageenans

Carrageenan is the generic name for a family of polysaccharides found in
several species of marine red algae (Rhodophyceae), where it is the main
component of the cell wall and has both structural and signaling roles (Potin et
al., 1999; Kloareg & Quatrano, 1988). Carrageenans are composed of linear,
sulfated chains of alternating 1—4 linked f-D-galactopyranose and 1—3 linked
a-D-galactopyranose or 1—3 linked 3,6-anhydro-a-D-galactopyranose. The
most common forms of carrageenans are traditionally classified by a Greek
prefix; lota (1), Kappa (x), Lambda (1), Mu (n), Nu (v) and Theta (6), where the
three most commercially relevant carrageenans are 1-, k-, and A-carrageenan
(Figure 5). The classification is based on the solubility in potassium chloride
solution of the carrageenan polysaccharide (Smith & Cook, 1953), which is
dependent on the position and number of sulfate groups and the presence of
3,6-anhydro bridges. The Greek prefix only describe the “ideal” dimeric
structure, however natural carrageenans are nonhomogeneous macromolecules,
and to describe the more complex structure a letter code based nomenclature is
used (Knutsen et al., 1994) (Figure 5 ). The 1—4 linked B-D-galactopyranose
is denoted G, the 1—3 linked a-D-galactopyranose is denoted D, and the 1—3
linked 3,6-anhydro-a-D-galactopyranose is denoted DA. The number in front
of the letter S defines the position of sulfation (Figure 5).
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Figure 5. Schematic representation of the ideal dimeric units of the most commercially relevant
carrageenans. The letter codes refer to the nomenclature developed by Knutsen et al. (1994).

The chemical structure depends on from which species of Rhodophyceae the
carrageenan is extracted, on harvest season, on growing conditions and on the
life stage of the algae (Hilliou ef al., 2012; Rinaudo, 2008). k-Carrageenan is
mainly obtained from Eucheuma cottonii, whereas 1-carrageenan is obtained
from Eucheuma spionosum and A-carrageenan from different species of
Gigartina and Chondrus. In general terms k-carrageenans are forming brittle
and hard gels whereas t-carrageenans are forming flexible and soft gels and
A-carrageenans will not form gels (van de Velde & De Ruiter, 2002). The
difference in gel forming ability is related to the presence of anhydro bridge in
the DA galactopyranosyl unit. This unit has a 'C, conformation that allows
formation of a helical secondary structure, which is necessary for the gel
formation. Carrageenans give gels through the formation of multiple helices
and through the cation dependent aggregations between helical strands (van de
Velde et al., 2002b; Viebke et al., 1995) (Figure 6).



Heat Kt (o) [ Ve

Cool

0000

Random coil Ordered helical domains Aggregated helical domains

Figure 6. Model of carrageenan gelation. Random coil transformation upon cooling to ordered
double helical domains. Further cooling or introduction of metal ions promote aggregation of the
helical domains to form cross linked junction domains (Viebke ef al., 1995).

The biological precursors of k- and t-carrageenans, i and v respectively
(Figure 5) are, as the A-carrageenan, lacking the anhydro bridge, which results
in that the D-unit has a ‘C; conformation and causes ‘kinks’ in the regular
chain. This prevents the formation of the helical strands and therefore prevents
gelation (van de Velde et al., 2002a). Native carrageenan always contains a
certain amount of the biological precursor, which has a negative effect on the
gelling ability. In the industrial processing of carrageenans, the precursor is
transformed into k- and 1-carrageenans by alkali treatment to obtain better gel
forming properties (Campo et al., 2009; Falshaw et al., 2001). In order to study
the alkali conversion of the precursor, and the effect that this conversion has on
the physical properties, the fine structure of the native carrageenan has to be
determined. This can be done by enzymatic degradation with carrageenases
followed by studies of the end products (Jouanneau et al., 2010). To describe
dimeric unit with G- or D/DA-reducing end, they are designated as carrabiose
or neocarrabiose, respectively.

The viscosity of a carrageenan is not only dependent on the type of
carrageenan, but also on the molecular weight, temperature, concentration and
ion content (Rinaudo, 2008). The industrial use of carrageenans is mainly as
stabilizers, thickeners or gelling agents in food applications where it is known
as E407 (carrageenan) and E407a (processed eucheuma seaweed). The average
molecular weight of the commercial carrageenans is between 400-600 kDa.

2.2 Alginates

Alginate is a collective name for a family of polysaccharides mainly found in
marine brown algae (Phaeophyceae) where it is a structural component.
Alginates are linear unbranched copolymers composed of 1—4 linked
B-D-mannuronic acid and its C5 epimer, a-L-guluronic acid (Figure 7A). These
copolymers are composed of block structures that are varying in both
composition and sequence. The different blocks are composed of
homopolymeric regions of mannuronic acid (M) and guluronic acid (G) and of

18



alternating heteropolymeric regions (MG-blocks) (Haug et al., 1967). The two
monomers differ in the configuration at C5, and adopt different chair
conformations. Guluronic acid favors the 1C4 conformation and mannuronic
acid the *C; conformation, allowing the carboxyl group to be in an equatorial
position. The differences in conformation of the two sugars result in that
alginates can contain four different glycosidic linkages: diequatorial (MM),
diaxial (GQG), equatorial-axial (MG), and axial-equatorial (GM). The diaxial
linkage in guluronic acid will lead to the formation of a buckled chain
(Figure 7C) and the diequatorial linkage in mannuronic acid will form a flat
ribbon structure (Figure 7D) (Rees, 1972).

A HO B
00C, OH ¢ HO
H - “00C: [~o-
HO OH OH I\\AMMMMMAGMGMGMGMMGGGGGGQ
~ ~
_ H M-block MG-block G-block
B-D-mannuronic acid (M) a-L-guluronic acid (G)
-ooc OH 00C OH 00C OH
T=--0 o o 0---"
OH & OH OH
& & ¢ c
~0H ~0H ~OH
o o e}
OH jelele; OH “00C OH “00C’
G G G G G G
00C, OH Q0C, OH 00C, OH
S Me] HO o _0 o o -0
HO HO. o HO Ou__ D
‘00C’ bk “00C u
M M M M M
OH
00C, OH
o
H [¢]
s 00C.  oH 4 Ho. O
o -9 ~OH
00¢ oH HO. o] E
. o M
==-0 - ~OH 00
HO, 0.
M G
00
M G

Figure 7. Structural characteristics of alginate. (A) alginate monomers, (B) block distribution, (C)
chain conformation in G-blocks, (D) chain conformation in M-blocks, (E) chain conformation in
alternating MG-blocks.



Alginates are extracted from different Laminaria, Macrocystis and
Ascophyllum species (Gacesa, 1988). The chemical composition and sequence
of monosaccharides depend on the species from which the alginate is extracted,
the season for the harvest, the age and the type of tissue it is extracted from.
(Lee & Mooney, 2012; Indergaard & Skjak-Braek, 1987). Alginates can form
gels in two different ways, either through so called acid gels or through ionic
cross-linking (Draget et al., 1996; Rees, 1972). The acid gels are not so
extensively studied, but alginates form gel at pH values below the pK, value of
mannuronic acid (pKa 3.38) and guluronic acid (pKa 3.65) (Smidsred et al.,
1969). The gels with industrial use are the ionic cross-linked alginates. It is the
ion binding properties of the alginates that are central for the gelling properties.
Alginates with a high content of G-blocks are known to form strong and brittle
gels whereas alginates with a higher content of M-blocks form weaker and
more flexible gels. All types of alginate block structures bind divalent cations
through their polyanionic nature. However the G-block stretches show a higher
affinity to ions in increasing order of Mg®" < Ca®" < Sr*" < Ba*" (Haug &
Smidsred, 1965). This is because G-block stretches are able to chelate these
ions and form gels through a ribbon ordered conformation known as the “egg-
box” model (Figure 8) (Grant ef al., 1973; Rees, 1972). The ratio between the
content of mannuronic acid and guluronic acid (M/G-ratio) can be used to
predict the nature of the gel that will be formed in the presence of divalent
cations.

Figure 8. The egg-box model shows how the divalent cations fit into the G-block structure like
eggs in a box. Alginate hydrogels are formed through ionic cross-linking of these G-block
regions.
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This variance in gelling makes it interesting to be able to produce alginate with
a higher content of G-blocks, and thereby improving the gelling capacity. The
conversion of M into G can be made enzymatically by a C5 epimerase
(Gacesa, 1987) (Figure 9). One commonly used method to determinate the
M/G-ratio and the diad (disaccharide unit) and triad (trisaccharide unit)
composition is NMR analysis (Grasdalen, 1983). One problem with this
analysis is that the samples have to be partially hydrolysed to reduce the
viscosity which can result in alteration of the sample. A nondestructive way of
analyzing the alginate polymer is to use either diffusion (Morssing-Vilén ef al.,
2011), HRMAS or CPMAS (Salomonsen et al., 2009) NMR. Alginates are
also found in soil bacteria as capsular polysaccharides. The structural
difference of alginates found in soil bacteria compared to the alginates in algae
is that the mannuronic acid can be acetylated at O2, and O3 at varying degree.
The industrial use of alginates is mainly as stabilizers, thickeners or gelling
agents in food applications where they are known under the EU additive
E-numbers E400-E405 (alginic acid, sodium alginate, potassium alginate,
ammonium alginate, calcium alginate and propane-1,2-diol alginate).

2.2.1 Alginate lyases

Alginate lyases catalyze the degradation of alginates by cleaving the glycosidic
bond through a B-elimination reaction generating an unsaturated hexenuronic
acid residue (A) at the non-reducing end and a new reducing end at the point of
cleavage (Gacesa, 1987) (Figure 9). Alginate lyases can be found in marine
algae, marine mollusks, and in microorganisms (Wong et al., 2000). They are
classified according to their substrate specificities where M-lyases (EC 4.2.2.3)
have a preference for M-blocks and G-lyases (EC 4.2.2.11) have a preference
for G-blocks. The classification of lyases is confusing because almost all lyases
cleave more than one of the four possible glycosidic linkages M-M, M-G, G-M
or G-G but at different rates (Wong et al., 2000).
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Figure 9. A unified mechanism for alginate lyase and C5 epimerases. AA1-AA3 refers to the
amino acid residues on the enzyme (Gacesa, 1987).

Alginate lyases are also classified as endo- or exo- enzymes based on their
mode of action. An endo-acting enzyme cleaves the polysaccharide in the
middle of the chain whereas an exo-acting enzyme acts on unsaturated and
saturated polymers from the reducing or non-reducing end to give mono-, di-
or longer oligosaccharides. A cleavage is resulting in the new unsaturated non-
reducing end, 4-deoxy-L-erythro-hex-4-ene pyranosyluronate (denoted as A).
The A monosaccharide can be spontaneously converted to 4-deoxy-L-erythro-
5-hexoseulose uronic acid (DEH) (Figure 10).
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Figure 10. Non-enzymatic conversion of the monosaccharide 4-deoxy-L-erythro-hex-4-ene
pyranosyluronate (A) to 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH).

The majority of the alginate lyases studied are M-lyases with an endolytic
activity, and most of the products obtained range from dimers to pentamers
(Sutherland, 1995). Alginate lyases are not yet produced for commercial
applications, but are used in the research area.
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They can be used to determine the fine structure of alginates as well as the
mode of action of the C5 epimerase. The information about the terminal non-
reducing end of the end product is lost because the same residue (A) is formed
whichever M or G residue is cleaved by the lyase, which leads to difficulties in
determining the exact specificity of the enzymes (Sutherland, 1995).

Through the use of alginate lyases, there is a hope to be able to develop a
third-generation biofuel by the use of marine biomass (Wargacki et al., 2012;
Takeda et al., 2011).

2.3 Lipopolysaccharides

Bacterial lipopolysaccharides (LPS) are the main component of the outer
membrane of Gram-negative bacteria. Lipopolysaccharides normally consists
of a hydrophobic domain known as lipid A, a non-repeating oligosaccharide
(core), and a distal polysaccharide (O-specific) (Figure 11) (Caroff & Karibian,
2003; Erridge et al., 2002; Raetz & Whitfield, 2002).

n

I—O-Specific chain—— | Outer Core—L—Inner Core—‘—Lipid A

Figure 11. Schematic illustration of a lipopolysaccharide structure.

The lipid A has a rather conserved architecture, and is generally composed of
phosphorylated glucosamine and fatty acids. The core is linked to the lipid A
through a linkage between Kdo (a-3-deoxy-D-manno-oct-2-ulosonic acid) and
GlcN. This bond is sensitive to mild acidic hydrolysis. The core is divided into
two different regions, the inner and the outer core. The inner core, closest to
the lipid A, is more conserved and consists of unusual sugars such as Kdo and
L-glycero-D-manno-heptose (L,D-Hep) (Figure 12), whereas the outer core
contains more common sugars and shows a higher diversity.

oHOH CH,0H

LD-Hep  OH

Figure 12. Structure of 3-deoxy-a-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-a-D-manno-
heptopyranose (L,D-Hep).
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The O-specific polysaccharide, consisting of repeating oligosaccharide units is
attached to the outer core and shows the highest structural variety. This variety
comes from that the repeating unit often contains between three and eight
monosaccharides which not only differ in the type of sugar residue but also in
sequence, linkage and substitution. The O-specific polysaccharide is usually
considerably longer than the core polysaccharide.

The lipid A, core and O-specific regions are all significant for the biological
activity and involvement in host-bacterium interactions. The toxicity of the
LPS depends mainly on the chemical structure of lipid A and is only modulated
by the core and O-specific polysaccharide. The core and O-specific
oligosaccharide are essential for the biological and physical properties of the
lipopolysaccharide and play a significant role in interactions with the host. LPS
are known to be either of smooth type (S) or rough type (R). The smooth type
LPS contains an O-specific chain, whereas the rough form lacks the O-specific
chain. This O-specific chain is protecting the bacteria from the effect of
antibiotics. There is a hope to be able to develop vaccines against Gram-
negative bacteria. This could be achieved by production of antibodies that can
bind to the lipopolysaccharide. To be able to create such an antibody the
lipopolysaccharide structure has to be known.

2.3.1 Plesiomonas shigelloides

Plesiomonas shigelloides is a Gram-negative, rod-shaped bacterium, which has
recently been relocated from the Vibrionaceae family to the
Enterobacteriaceae family (Farmer et al., 2006; Stock, 2004). P. shigelloides
shows only 8 % and 7 % genetical similarities to the Enterobacteriaceae and
Vibrionaceae family respectively, even though they share biochemical and
antigenic properties (Ruimy et al., 1994).

P. shigelloides is an opportunistic pathogen that causes gastrointestinal
illness, with diarthea as the main symptom. The primary habitat of
P. shigelloides is fresh water ecosystems. Infections with P. shigelloides are
related to drinking untreated water or eating uncooked shellfish. The
pathogenicity of P. shigelloides is not entirely understood, though they are
producing a number of potential virulence factors including cholera like toxins
(Gardner et al., 1987), thermostable and thermolabile toxins (Sears & Kaper,
1996), B-hemolysin (Janda & Abbott, 1993), and cytotoxin complexes (Okawa
et al., 2004), where the lipopolysaccharide is one of the potential virulent
factors.

The strains found so far from P. shigelloides have been classified into
102 O serotypes and 50 H serotypes, based on their O-antigen and H-antigen in
the form of flagellar proteins, respectively (Aldova & Shimada, 2000). The
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complete structure of the LPS from P. shigelloides is only known for three
strains, serotype O54:H2 strain CNCTC 113/92 (Lukasiewicz et al., 2006b;
Niedziela et al., 2002; Czaja et al., 2000), serotype O74:H5 strain CNCTC
144/92 (Lukasiewicz et al., 2006a; Niedziela et al., 2006) and serotype O37
strain CNCTC 39/89 (Kaszowska et al., 2013a). The core structure substituted
with an O-specific polysaccharide is determined for the serotype O1 strain
302-73 (Pieretti et al., 2010; Pieretti et al., 2009; Pieretti et al., 2008). The core
structure has been determined for the three strains, serotype O33 strain
CNCTC 34/89 (Nestor et al., 2014), serotype O17 strain 7-63 (Kubler-Kielb et
al., 2008), strain PCM 2231 (Maciejewska et al., 2013) and serotype O13
strain CNCTC 80/89 (Kaszowska et al., 2013b). The O-specific polysaccharide
structure has been resolved for four strains, serotype O51 strain CNCTC
110/92 (Maciejewska et al., 2009), strain AM36565 (Sawén et al., 2012), strain
22074 and 12254 (Linnerborg et al., 1995). Many of the structures are
reviewed by Nazarenko et al. (Nazarenko et al., 2011).

It has been found that the Plesiomonas genus does not have a uniform core
structure, as many other genera have. There are however some similarities in
the structures, such as P. shigelloides lack the charged phosphorous containing
groups in the inner core structure. Some of the LPS from P. shigelloides have
been obtained in a higher degree in the phenol phase rather than the usual
water phase, from hot phenol/water extraction, which can be explained by the
presence of deoxy sugar, deoxyamino sugar and the presence of O-acetyl
groups in the O-antigen polysaccharide (Aquilini et al., 2013; Pieretti et al.,
2008).
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3 Experimental

3.1 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance spectroscopy is one of the most powerful
analytical tools for structure elucidation of carbohydrates. Both structure and
conformation of the carbohydrate can be determined from 'H and "C one-
dimensional (1D) NMR experiments together with different two-dimensional
(2D) NMR experiments. It is however still problematic to resolve all structures
due to the structural diversity of carbohydrates and the limited chemical shift
dispersion.

3.1.1 Structural analysis by NMR

Carbohydrates have some characteristic parameters that are advantageous for
structural elucidation and conformational analysis. The anomeric resonances
for the protons are generally found in the chemical shift range of 4.2-5.8 ppm,
with the a-anomeric protons between 4.8-5.8 ppm and the B-anomeric protons
between 4.2-4.8 ppm. The anomeric resonances for the carbons are found in
the chemical shift range of 95-110 ppm, with the a-anomeric carbons normally
around 98-103 ppm, and the B-anomeric carbons around 103-106 ppm. This,
together with the scalar coupling constants 3JH1,H2 can give information about
the anomeric configuration. The 3JH1,H2 for sugar residues in the gluco- or
galacto-configuration is around 3-4 Hz for the a-form and 7-8 Hz for the
B-form. For sugars in the manno-configuration, the 3JH1,H2 is small; around
2 Hz for the a-form and even smaller for the B-form with the result that they
are not always resolved (Bubb, 2003). When the 3JH1,H2 coupling constants are
too small and/or not resolved, the IJCI,HI coupling constant can be used, a value
of 170 Hz indicates the a-form, while 160 Hz is an indication for the f-form.
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The ring protons are generally found in the 3.2-4.5 ppm region. The methyl
groups from 6-deoxy sugars and from O- and N-acetyl groups are found in the
range of 1.2-2.3 ppm. The ring carbons will be found in the range of
50-85 ppm, where carbons with nitrogen attached will appear at around
50-60 ppm, unsubstituted carbons in the range of 65-75 ppm. Carbons involved
in glycosylation will exhibit a large downfield shift of around 5-10 ppm.
Unsubstituted C6 carbons are found around 60-63 ppm and C6 carbons linked
to another sugar residue will appear around 65-70 ppm. The carbon signals
from methyl groups are found in the range of 15-30 ppm, and carbonyl carbons
are found at 165-185 ppm. These characteristic 'H and "C chemical shifts are
shown in Figure 13. How the different NMR experiments are used and the kind
of information that can be obtained from them are described in the following
section.
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Figure 13. Schematic HSQC spectrum showing the typical chemical shift ranges of NMR signals
from protons and carbons in carbohydrates.

One-dimensional 'H and >C NMR experiments.

1D "H NMR spectroscopy is often the first step in structural studies by NMR.
The number of sugar residues can be estimated by integration of the signals in
the region of the anomeric protons. The number of anomeric resonances in the
1D *C NMR spectrum will further confirm these results.
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'H and "°C 1D experiments can also give some indication about the linkage and
sequence of the sugar residues through changes in chemical shifts, but in
general both homo- and heteronuclear 2D NMR experiments are required to
fully assign the structure of oligo- and polysaccharides.

If the anomeric signals are well resolved they appear as doublets from
which the 3JH1,H2 coupling constants can be obtained, and give information
about the anomeric configuration. BC NMR is much less sensitive than 'H
NMR due to the low natural abundance of the ">C nucleus and the fact that the
gyromagnetic ratio is only % of that of 'H, but the "°C spectra show a greater
dispersion of chemical shifts.

Homonuclear through-bond correlations

'H-'H COSY (correlation spectroscopy) is used to establish the direct
neighboring connectivity of protons. The anomeric protons are often used as
starting point in the assignment of the ring protons due to the fact that they
have well separated chemical shifts and are generally only coupled to one
proton. The connectivity between protons within a sugar residue can from this
be mapped out via a series of cross-peaks (Figure 14). There can be difficulties
in assigning all protons, due to overlapping signals or lack of cross-peaks due
to small *J coupling constants.

'H-"H TOCSY (total correlation spectroscopy) is related to COSY in the
way that cross-peaks of coupled protons are detected. The additional
information from the TOCSY spectrum is that there are cross-peaks between
(almost) all spins in the spin system (Figure 14). The magnetization is
transferred, during the mixing time, to the vicinal coupling partner, and can be
further transferred throughout the entire spin system. The magnetization
transfer can be interrupted by small 3 coupling constants. This property is
advantageous when deducing the configuration to be manno, galacto or gluco
(Gheysen et al., 2008). The number of transfer steps can be adjusted by
changing the mixing time, a mixing time of 20 ms (one step transfer) will give
essentially the same information as the COSY experiment, whereas a mixing
time of 80-120 ms will give a five to six steps transfer.

Selective 1D TOCSY is a variant of the 2D experiment. It is performed by
selective excitation of just one or a few resonances in the spectrum, followed
by a TOCSY transfer. This results in a 1D spectrum that is a sub-spectrum of
the full 2D TOCSY spectrum, showing just those resonances correlated with
the selectively excited peak(s).
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Figure 14. COSY (left) and TOCSY (right) spectra of sucrose, showing the two separated spin
systems of glucose (red) and fructose (green). In the COSY spectrum the spin system is revealed
stepwise, whereas the complete spin system is revealed in the TOCSY spectrum.

Heteronuclear through-bond correlations

'H-C HSQC (heteronuclear single quantum correlation) provides proton
carbon coupling across a single bond and correlates the protons with the
directly bonded carbons, through one bond couplings. The cross-peaks contain
information about the chemical shifts of the corresponding protons and
carbons. The number of monosaccharides can more easily be determined in an
HSQC spectrum than in a 'H spectrum due to the added dispersion of chemical
shifts also in the carbon dimension. Using multiplicity edited HSQC
experiment, it is possible to discriminate between CH/CH; groups that give
positive signals and CH, groups that give negative signals (Figure 15).
Quaternary carbons, lacking directly attached protons will not be visible in this
experiment (Figure 15). The 'Joy coupling constants can be obtained from a
non-decoupled HSQC NMR experiment and give information about the
anomeric configuration.

'H-""C HMBC (heteronuclear multiple bond correlation) shows cross-peaks
between protons and carbons that are two or three bonds away. With this
experiment it is possible to study quaternary carbons that were not visible in
the HSQC experiment. The HMBC experiment is used to establish the linkage
between monosaccharide units via the glycosidic bond according to Figure 15.
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Figure 15. The HSQC spectrum of sucrose (left) shows the direct proton-carbon correlation
through one bond coupling. The encircled CH/CHj3 signals will show the opposite sign to the CH,
signals. The HMBC spectrum of sucrose (right) shows cross-peaks between protons and carbons
two or three bonds away, and give also the possibility to measure the 'Jeiu1 coupling constant as
indicated in the figure.

Combination experiments

HSQC-TOCSY is a 2D TOCSY experiment that has an extra dispersion into
the carbon dimension, which is especially useful when overlap of the different
proton spin systems occur since carbon signals are usually better separated.
From this experiment the assignments of individual spin systems in an
oligosaccharide can be done. Cross-peaks are observed between all J-coupled
protons and for all carbons in the spin system.

Through-space correlations

'H-'H NOESY (nuclear overhauser effect spectroscopy) correlations are
arising from the spatial proximity between protons. The NOESY experiment
can give information on how close two protons are in space, and NOEs are
usually only observed between protons within monosaccharides or across the
glycosidic linkage (Figure 16). Cross-peaks can be observed when the proton-
proton distance is less than 5 A. For small to medium sized molecules around
1 kDa, the NOE can be close to zero and no correlations are detected, this is
because the strength of the interaction is dependent on the proton-proton
distance, the external field and the correlation time. To overcome this problem,
the temperature or the strength of the magnetic field can be changed or the
ROESY experiment can be used instead (Figure 17).
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Figure 16. NOESY (left) and ROESY (right) spectra showing cross-peaks between protons with
spatial proximity to each other.

'H-'"H ROESY (rotating frame overhauser effect spectroscopy) correlation is also
arising from spatial proximity between protons, but has the advantage of always
being of positive sign and increases somewhat with molecular size (Figure 17).
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Figure 17. Schematic illustration of “the correlation time problem”, where a certain combination
of field (wo) and molecular size (expressed as correlation time 7o) can result in a zero or closed to
zero NOE.
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3.1.2 NMR of hydroxy protons

The large number of hydroxy protons in carbohydrates makes them valuable to
study as they can give information about structure, hydrogen bonding and
inter-proton distances (Sandstrom & Kenne, 2006; Poppe & Vanhalbeek, 1994;
Symons et al., 1980; Harvey et al., 1976). One difficulty is that hydroxy
protons are in a rapid exchange with protons of protic solvents at normal NMR
conditions.

Sample preparation

Carbohydrates are usually studied by NMR using D,0 as the solvent. To be
able to observe hydroxy protons, the solvent has to be changed from D,O to
H,O (Figure 18), otherwise the protons will exchange with deuterons which are
not visible in the '"H NMR spectra. The use of H,O as the solvent leads to the
need of a water suppression experiment that does not affect the resonances of
exchangeable protons. One efficient water suppression experiment that is often
used is the WATERGATE experiment (Sklenar et al.,, 1993; Piotto et al.,
1992). To reduce the exchange rate the temperature can be lowered to sub-zero
temperatures and to avoid freezing 10-15 % acetone can be used. Further
reduction of the exchange rate can be achieved by removal of impurities such
as borate ions from the glassware and by adjusting the pH to around 5.5-7
(Adams & Lerner, 1992; Symons et al., 1980; Harvey et al., 1976). In the
following section, the different NMR parameters that can be obtained from the
hydroxy protons are discussed.

OH OH oD oD
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Dissolved in DoO

Figure 18. The exchange of the hydroxy protons for deuterons when a carbohydrate is dissolved
in D,0 instead of H>O.

Chemical shifts and chemical shift differences

Hydroxy protons in aqueous solution usually resonate in a well-isolated region
of the NMR spectrum (5 5-8 ppm). By comparing the chemical shift of a
hydroxy proton in an oligosaccharide with that in the corresponding
monosaccharide Ad (A8 = 8yjigo - dmono) Information on hydration and hydrogen
bonding can be obtained.
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The chemical shift of a hydroxy proton signal is a balance between two
opposite contributions, a downfield shift due to hydrogen bonding interaction
and an upfield shift due to reduced hydration (Bekiroglu et al., 2004). An
upfield shift (negative Ad) is an indication of reduced hydration due to steric
hindrance or proximity to a ring oxygen. A downfield shift (positive Ad) is on
the other hand an indication of spatial proximity to another hydroxyl group.

Vicinal Jcy on coupling constants

According to a slightly modified Karplus equation derived for hydroxy protons
in saccharides, a 3JCH,OH value of around 5.7-5.8 Hz indicates a rotational
averaging of the hydroxyl group around the C-O bond (Zhao et al., 2007). A
3JCH,OH value that significantly deviates from the rotationally averaged value
could indicate that the hydroxyl group has a non-uniform distribution of
rotamers due to steric reasons or hydrogen bonding.

Temperature coefficients (do/dT)

The temperature coefficient is calculated from the change in chemical shift of
the hydroxy proton signal with temperature. It is a measurement of how much
the hydroxy protons are interacting with the solvent through hydrogen bonding.
Hydroxy protons that are fully hydrated and solely interact with the solvent
have absolute temperature coefficient above 11 ppb/°C. Hydroxy protons with
an absolute temperature coefficient below 5 ppb/°C are believed to be involved
in strong intra-molecular hydrogen bond interactions (Kroon et al., 1994;
Poppe et al., 1992).

NOEs and ROEs

NOESY and ROESY experiments can be used to study inter- and intra-
molecular interaction involving hydroxy protons. In NOESY experiments it is
not possible to distinguish between cross-peaks arising from cross-relaxation or
chemical exchange contributions since they both have the same sign. In
ROESY experiments, cross-peaks due to dipolar relaxation will have the
opposite sign to the diagonal whereas cross-peaks due to chemical exchange
will have the same sign as the diagonal peaks (Davis & Bax, 1985). Chemical
exchange cross-peaks between hydroxy protons can be an indication of spatial
proximity of hydroxyl groups and have been used to identify weak hydrogen
bond interaction in for example sucrose (Sheng & Vanhalbeek, 1995), maltose
(Bekiroglu et al., 2003) and in hyaluronic acid oligosaccharides (Nestor et al.,
2010).
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3.2 Mass spectrometry

Mass spectrometry (MS) is an important technique in structural elucidation of
complex carbohydrates (Kailemia et al., 2014). With the help of MS,
information about the molecular mass, the identification and quantification of
the constituent monosaccharides, the linkage sequence, branching point and
stereochemistry of the carbohydrates can be obtained. There are three essential
functions of a mass spectrometer; (1) ionization of the sample molecules,
(2) separation of the ions according to their mass-to-charge ratio (m/z) and
(3) detection of the ions. These functions are related to three different parts in
the mass spectrometer, the ion source, the mass analyzer and the detector
(Figure 19). There are several different types of ion sources and the type that is
used depends on the volatility of the sample as well as on the nature of the
sample. The ion sources most commonly used for analysis of carbohydrates are
electron ionization (EI) for volatile samples, electrospray ionization (ESI) and
matrix-assisted laser desorption ionization (MALDI) for less volatile samples.
These ionization techniques also differ in the received data, EI is a hard
ionization technique and results in extensive fragmentation whereas ESI and
MALDI are softer and can give information on the intact molecule. The mass
analyzers used together with these ionization techniques are commonly
quadrupole (Q) or time-of-flight (TOF) analyzers. The different types of
detectors are recording the induced charge or the electric current that is
produced when the ion hits the detector.

Sample Inlet

—~
lon source Mass analyzer ]

Electron ionization (EI) Quadrupole (Q) |
Electrospray ionization (ESI) T £ fligth (TOF
\Matrix—assisted laser desorption ionization (MALDI) ime of fligth (TOF) Data system

Figure 19. Schematic description of the different parts of a mass spectrometer.

3.2.1 Electron ionization

Electron ionization (EI) is a so called hard ionization technique that is used for
volatile samples (Dempster, 1918). Sample molecules in the gas phase are
bombarded with 70 eV electrons creating charged radical molecular ions, M,
by the expelling of an electron. This process typically leads to extensive
fragmentation and the molecular ions are not always observed. The extensive
fragmentation can however be useful in elucidation of an unknown analyte.
This ionization technique is only suited for molecules with a certain degree of
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volatility and is frequently used together with a gas chromatograph (GC)
instrument. In characterization of the structure of carbohydrates, the identity of
the constituent monosaccharides can be obtained through a monosaccharide
constituent analysis (Sawardeker et al., 1965). The oligo- or polysaccharide is
hydrolyzed, reduced and acetylated before GC-MS or GC-FID analysis where
the retention times of the monosaccharides are compared with authentic
standards. It is possible through integration of the chromatographic peaks to
measure the approximate relative amounts of the various monosaccharides. To
study the position of the glycosidic linkage, a methylation analysis is
performed. The oligo- or polysaccharide is methylated, reduced and acetylated
before the GC-MS analysis (Ciucanu & Kerek, 1984). Specific fragmentation
occurs since the C-C bond is preferably cleaved between two methoxy groups.
The absolute configuration of carbohydrates can be studied by allowing the
monosaccharide to react with (+) or (—) 2-butanol to give a 2-butyl glycoside,
and by comparison with the retention time of prepared references (Gerwig et
al., 1978).

3.2.2 Electrospray ionization

Electrospray ionization (ESI) (Fenn ef al., 1990) is a soft ionization technique
that can be used for non-volatile samples such as oligo- and polysaccharides.
The ionization is obtained by spraying a solution of the sample at atmospheric
pressure through a narrow capillary to which a high electric field is applied.
The spray forms small charged droplets containing the analyte molecules. By
exposing the droplets to heat and reduced pressure, the solvent is evaporated
and the droplet size is reduced. As the coulomb repulsion exceeds the surface
tension of the droplets they explode and gas phase ions of the sample
molecules are formed. The ability to ionize compounds directly from an
aqueous or aqueous/organic solution has made the ESI suitable to couple to an
high-performance liquid chromatography (HPLC). The ESI soft ionization
technique typically produces proton/sodium adducts or deprotonated molecular
ions without fragmentation which makes it possible to observe the molecular
ion, and from this the molecular weight can be determined. This makes it
possible to deduce the composition of monosaccharides such as pentoses,
hexoses, efc. but not to distinguish between different isobaric monosaccharides
(Table 1).
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Table 1. Mass values for common monosaccharide residues (-H-O).

Monoisotopic Average

Monosaccharide Examples Formula
mass mass
Pentose Arabinose (Ara), Ribose (Rib) CsH;O, 132.04 132.12
Xylose (Xyl)
Fucose (Fuc)
Deoxyhexose Rhamnose (Rha) CeH 1004 146.06 146.14
Glucose (Glc), Galactose (Gal)
Hexose Mannose (Man) C6H1005 162.06 162.14

N-Acetylglucosamine (GlcNAc)

N-Acetylgalactosamine (GalNAc) CsH13NOs 203.08 203.19

N-Acetyl-aminohexose

. . Mannuronic acid (ManA)
Hexuronic-Acid Guluronic acid (GulA) C¢HgOg 176.03 176.13
Sialic acid N-Acetylneuraminic acid (NeuAc) C;1H9NOg 291.09 291.26

In order to obtain structural information, tandem mass spectrometry (MS-MS)
can be performed. In MS-MS, precursor ions in a narrow m/z region are
isolated and allowed to collide with inert gas molecules. The collisions lead to
the formation of fragment ions, which in turn are mass separated and detected.
For carbohydrates, fragment ions are described using the nomenclature shown
in Figure 20. The A, B, and C labels describe the fragment ions containing the
non-reducing end, and the X, Y, and Z labels describe the fragment ions
containing the reducing end (Domon & Costello, 1988).
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Figure 20. Different types of carbohydrate fragmentation described using the nomenclature by
Domon and Costello.

3.2.3 Matrix-assisted laser desorption ionization

Matrix-assisted laser desorption ionization (MALDI) is also a soft ionization
technique used for non-volatile compounds (Hillenkamp ef al., 1991). Here,
the analyte molecules are dissolved in a solution of a UV-absorbing matrix
compound. The analyte is allowed to co-crystallize with the matrix by placing
a small amount of the sample-matrix solution onto a surface and let it to dry.
Inside the MALDI ion source where vacuum is applied, the surface with the
crystalline matrix-sample is exposed to pulses of UV laser light.
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The ionization is achieved when the matrix absorbs energy from the laser,
which is causing desorption of the matrix and analyte molecules into the gas
phase. A fraction of the desorbed material is in the form of quasi-molecular
ions e.g. (M+H)". The ions are transported into the mass analyzer via an
electric field. The choice of matrix is important because different classes of
molecules show large matrix dependent differences in ionization efficiency.
The matrix should be an organic molecule that has absorption around the laser
wavelength, has a low molecular mass, is vacuum stable, and promotes
ionization. Examples of matrixes for carbohydrate analysis are
2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA)
or trihydroxyacetophenone (THAP).

3.3 Chromatography

In the analysis of carbohydrates there is often a purification or separation step
involved. Because of the large variety of isomeric or closely related structures,
this requires high performance separation techniques. There are several
separation  techniques suitable for carbohydrates.  Size-exclusion
chromatography (SEC) separates molecules on the basis of molecular size
(Churms, 1996b). Anion chromatography separates molecules based on their
negative charge (Lee, 1996). Hydrophilic interaction liquid chromatography
(HILIC) is a relatively new separation technique and the retention mechanisms
are complex but are believed to be a mixture of partitioning, adsorption and ion
exchange (Churms, 1996a). Porous graphite chromatography (PGC) separates
molecules based on their hydrophobicity and planarity and this method has
shown an extraordinary isomeric selectivity (Koizumi, 1996).
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4 Result and Discussion

In this chapter, a summary of the results from papers I-IV are presented and
discussed.

4.1 Paper | - NMR of Hydroxy protons of k- and k/u-hybrid
carrageenan oligosaccharides

The gel forming properties of k-carrageenans are dependent on the ability of
the polysaccharide to adopt a helical structure. The anhydro-bridge of the
DA-residue allows formation of the helical tertiary structure, due to the
'C4-conformation. The occurrence of the p-precursor, lacking the anhydro
bridge and with the “C,-conformation of the D residue (van de Velde et al.,
2002a), causes kinks in the regular helical structure of k-carrageenan, and
therefore affects the gelling ability. k-Carrageenans are formed enzymatically
in vivo from the precursor p-carrageenans. In vitro the cyclization of the
anhydro bridge is performed through alkali treatment.

It has been observed that the introduction of a small amount of the
precursor v-carrageenan in i-carrageenans results in a decrease of helical
formation while the rheological properties are remarkably enhanced (van de
Velde et al., 2002b). This is explained by the introduction of cross-links
between the helical strands. It is the flexibility of the precursor that is essential
for the formation of cross-linkages on the helical level. From an industrial
point of view, the interest in the chemical fine structure and in the physical
properties of carrageenans is due to the conversion of the precursors into the
gelling polymers in the production process and how this process can be
optimized to obtain the most suited properties for a specific usage (Hilliou et
al., 2006).
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The structures of x/u hybrid carrageenan oligosaccharides produced from
cultivated  Kappaphycus  alvarezzi by enzymatic digestion with
Pseudoalteromonas carrageenovora x-carrageenase were recently solved by
NMR spectroscopy (Jouanneau et al., 2010). In that study, a downfield shift of
the anomeric (H1) proton of the internal D6S residue was observed when the
p-neocarrabiose unit was localized between two other p-neocarrabiose moieties
(Figure 21). Our hypothesis was that this downfield shift could originate from
differences in hydrogen bonding interaction in the structures kux 5, kppuk 6 and
kuppk 7. To test this hypothesis and try to identify hydrogen bonding, a study
of the hydroxy protons by NMR spectroscopy was performed. The
oligosaccharides investigated are the k and k/p-carrageenan oligosaccharides
together with their constituent monosaccharides shown in Figure 21.

o 0805 oy o 0805 g
<. Q < Q
HO 2 OH HO, ° OH
H OH
DA OH G4S DA OH G4s

OH .
DA OH 0s0; 10
0 PS03 on 0
-0 HO OH

08054 OH
a 9 D6S
DA HO&NOH

Kappa/Mu oligosaccharides: 5 (n=1),6 (n=2),7 (n=3) G4S

Figure 21. Structure of the studied oligosaccharides and the corresponding monosaccharides 1-10.

Through the measurements of the chemical shifts (5), chemical shift
differences Ad, temperature coefficients (d6/dT) and chemical exchange of the
hydroxy protons in kpupk 7, it was suggested that the downfield shift of the
anomeric proton on the D6S sugar of p-neocarrabiose located between two
other p-neocarrabioses could be due to the loss of hydrogen bonding between
OH3 of D6S (residue 6, from the reducing end) and OH2 of G4S (residue 7).
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4.1.1 «/y hybrid carrageenan oligosaccharides

The assignment of the hydroxy protons was obtained from 'H 1D and 2D
COSY and TOCSY NMR spectra as well as with help from previously
reported assignments of CH protons for several «/p-carrageenan
oligosaccharides (Jouanneau et al., 2010; Knutsen & Grasdalen, 1992). In the
kuk 5 and xppk 6, the OH2 G4S signals with one or two neighboring D6S
units (not the OH2 G4S(residue 3)) had very small Ad. Comparison to the
OH2_GA4S with two DA units in xk 3 and kxk 4, revealed a large downfield
shift of the OH2 G4S signals with two neighboring D6S units (Figure 22). The
corresponding OH2 G4S signals in kuppk 7 also had very small Ad. No direct
comparison could be made with the «xkikk decasaccharide, but the
OH2_G4S(5), (7), (9) had chemical shifts comparable to those observed for the
octasaccharide kppx 6.

(3)
(5)
4)

OH2_G4S

(6)
OH2_G4S

OH2[B_G45(1)

OH2_DA

OH4_DA
2

OH2B_DA(2)

OH2a._DA

OH2_G45(3)
OH2B_DA(2) \ OH2p_G4S(1)
OH4_DA(6)

(5)
o‘\
I
‘-b
|w]
=
L)

OH2_G4S

OH2_G45(7)

OH2_G45(5) OH20_DA(2)

6.6 6.5 6.4 6.3 ppm 6.7 6.6 6.5 6.4 6.3 ppm

Figure 22. Portion of the "H NMR spectra showing the downfield shift of the OH2_G4S(5) signal
in 5 (B) compared to in 3 (A), and of the downfield shift of the OH2 G4S(5) and OH2_ G4S(7)
signals in 6 (D) compared to in 4 (C).

OH2 _D6S and OH3 _D6S had temperature coefficients slightly lower than the
other hydroxy protons. The lower |d6/dT| values in structure 7 of
approximately 2.0 ppb/°C compared to those in structures 5 and 6 is likely due
to a pH difference between the samples. The NMR data for the hydroxy
protons in the x/p-carrageenan oligosaccharides 5-7 are summarized in
(Figure 23).
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Figure 23. AJ, d3/dT, and chemical exchange of hydroxy protons on structures 5-7. Only data for
the B-anomeric form are shown (n.d. : not determined).

In xpk 5 and kppk 6, a chemical exchange interaction was observed in the
ROESY spectrum between OH3 D6S(4) and OH2 G4S(5). In xppx, a second
chemical exchange was observed between OH3 D6S(6) and OH2 G4S(7). For
Kuppk, 7, two cross-peaks were observed in the TOCSY spectrum, one
between OH3 D6S(8) and OH2 G4S(9) and one cross-peak including both
OH3 D6S(4), OH2_G4S(5) and OH3_D6S(6), OH2_ G4S(7) (Figure 24).
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Figure 24. Part of TOCSY spectra showing the chemical exchange cross-peak between (A) in 5,
OH2 G4S(5) and OH3 D6S(4); (B) in 6, OH2 G4S(5) and OH3 D6S(4); OH2 G4S(7) and
OH3 D6S(6); (C) in 7, the overlapping signals OH2 G4S(5), (7) and OH3 D6S(4), (6);
OH2_ G4S(9) and OH3_D6S(8).

The xpppk structure 7 has the possibility of forming three hydrogen bonds,
between OH3 D6S(4) and OH2_G4S(5), OH3 _D6S(6) and OH2 G4S(7) and
between OH3 D6S(8) and OH2 G4S(9). However due to the overlapping of
the OH3 D6S(4), (6) and OH2 G4S(5), (7) signals, it was not possible to
unambiguously determine whether a chemical exchange also exists between
OH3 D6S(6) and OH2 G4S(7), for the p-carrabioside surrounded by two
other p-carrabiosides. Attempts to separate these overlapping signals by
changing the pH, increasing the acetone-ds concentration and further
decreasing the temperature were made, but sufficient separation was not
achieved. Comparison of the cross-peak intensities in the TOCSY spectra of 6
and 7 suggested that only one of the pairs OH3 D6S(4), (6) and OH2 G4S(5),
(7) had a chemical exchange interaction.

4.1.2 k carrageenan oligosaccharides

For the «-carrageenan oligosaccharides 1-4, we did not observe any
experimental evidence for occurrence of hydrogen bond interaction. The
absolute value of Ad was below 0.2 ppm for all hydroxy protons, which
indicates that the hydration is similar to that in the constituent
monosaccharides. Most of the hydroxy protons had high temperature
coefficients |d3/dT| in the range of 13-17 ppb/°C. Only the anomeric hydroxy
protons OH1_G4S at the reducing end and OH4 DA of the non-reducing end
showed slightly lower |d5/dT| values. Only intra-residual NOEs/ROEs from the
hydroxy protons to the ring protons were observed.

The slightly lower |dd/dT| of OH4 DA at the non-reducing end was
attributed to proximity to the anhydro bridge that restrict interaction with water
while the negative Ad of all OH2 G4S together with their slightly lower d6/dT
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when compared to that of OH2 DA might be an indication of reduced
hydration due to spatial proximity to the ring oxygen of DA.

A hydrogen bond between OH2 G4S and O5 DA has been found in the
crystal of the neocarrabiose disaccharide and has also been predicted in several
calculation studies (Bosco et al., 2005; Stortz & Cerezo, 2003; Ueda et al.,
2001; Stortz & Cerezo, 2000; Lamba et al., 1990). The NMR data for the
hydroxy protons in 1-4 are summarized in Figure 25.
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Figure 25. Ad and dd/dT of hydroxy protons on structures 1-4. Only data for the f-anomeric form
are shown.

4.1.3 Conclusion

The downfield shift of OH2_G4S in the k/p hybrid carrageenans in comparison
to k-carrageenans indicate a new chemical surrounding for OH2 G4S with a
D6S residue as neighbor. OH2 G4S is close to another OH group and such
interaction is not present in k oligosaccharides. This, together with the
chemical exchange between OH3 D6S and OH2 G4S suggest the existence of
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weak hydrogen bond interactions in the x/p hybrid carrageenans. The lower
temperature coefficient of all OH2 D6S and OH3 D6S might reflect a reduced
hydration resulting from spatial proximity to the neighboring 4-sulfate group of
G4S through the a-glycosidic linkage and ring oxygen of G4S through the
B-glycosidic linkage, respectively.

These interactions have been found from MM3 potential energy surfaces of
trisaccharide model of p-carrageenans (Stortz, 2006). For example, a hydrogen
bond between OH2 of G4S and OH3 of D6S was predicted to stabilize the
conformation of the B-glycosidic linkage. The present NMR data provide the
first experimental evidence that such an interaction does exist, at least
transiently, in /p-oligosaccharides. A loss of a hydrogen bond in the
decasaccharide for a p-neocarrabiose when the neighbors are other
p-neocarrabioses could explain the downfield shift of the anomeric proton of
the D6S sugar. However, the similarities in chemical shifts and temperature
coefficients of OH2 G4S(5), (7) and OH3 _D6S(4), (6), could also indicate
similarities in the inner structure of the xuppk structure instead of structural
differences.

4.2 Paper Il and Paper Il — Characterization of three alginate
lyases from the two marine bacteria Pseudomonas
alginovora and Zobellia galactanivorans

Alginate lyases can be used as sequencing tools to reveal the fine structure of
alginates as well as to study the activity of C5-epimerases, hence there is a
great interest of characterized alginate lyases. To develop such sequencing
techniques, several alginate lyases with different specificity are required.
Alginate lyases can also be used for the production of M- and G-blocks. In this
work, one lyase from the marine bacteria Pseudomaonas alginovora and two
lyases from the marine bacteria Zobellia galactanivorans, have been studied
and characterized with respect to mode of action, substrate specificity, end
products and minimal recognition pattern.

The cloning, expression and purification of these enzymes are described
elsewhere; for the lyase from P. alginovora by Chavagnat et al. (1996), and for
the two lyases, AlyAl and AlyAS from Z. galactanivorans by Thomas et al.
(2012).

The optimal biochemical properties for enzymatic activity, such as optimal
temperature, pH, salt concentration and effect of addition of divalent cations
have been determined for all three enzymes. The procedure for the
characterization of the alginate lyases, was to determine the substrate
specificity by incubating the enzyme with different substrates, including crude
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alginate with M/G ratio of 0.9, M-blocks, G-blocks and alternating MG-blocks.
The G-blocks, M-blocks and alternating MG-blocks were produced according
to Haug et al. (1974). The end products obtained after hydrolysis of crude
alginate were characterized by NMR and MS after separation and fractionation
by SEC. The separation was monitored through the UV absorption at
230-235 nm, due to the conjugation between the double bond and the
carboxylate group of the unsaturated A-residue (Figure 9). The minimal
recognition pattern necessary for lyase activity was determined by allowing the
enzymes to act on oligosaccharides of known size and structure.

4.2.1 Alginate lyase from Pseudomonas alginovora

The optimum temperature and salinity were 30 °C and 100 mM NaCl, and the
enzyme showed a higher activity between pH 7 and 9, with a maximum at
pH 9. The substrate specificity of the enzyme was determined by following the
degradation of crude alginate, G-, M- and alternating MG-blocks directly in the
NMR tube. Analysis of the NMR spectra before and after addition of enzyme
demonstrated that the enzyme was acting only on M-M diads (Figure 26).
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Figure 26. "H NMR spectra showing the effect of incubating G-, M- and MG-blocks with the
alginate lyase from the marine bacteria P. alginovora. (A) G-blocks (B) G-blocks after incubation
with the enzyme. (C) M-blocks (D) M-blocks after incubation with the enzyme. (E) MG-blocks
(F) MG-blocks after incubation with the enzyme. No changes are observed in the NMR spectra of
the G- and MG-blocks indicating that these structures are not substrate for the enzyme. For the
M-blocks, incubation with the enzyme results in the apparition of signals at ~5.75, 5.20, 5.13 and
4.91 ppm characteristic for H4A(M), Hla(M), HIA(M) and H1B(M), respectively, and showing
that the enzyme is cleaving between two M residues.
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The separation profile (Figure 27) obtained from the SEC showed four major
peaks from which the molar fraction of the unsaturated oligosaccharides was

estimated.
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Figure 27. SEC profile of unsaturated oligosaccharides produced by incubation of crude alginate
with alginate lyase; (left) from P. alginovora, (middle) AlyAl from Z. galactanivorans, and
(right) AlyAS from Z. galactanivorans.

The degree of polymerization of the fractions was determined by ESI-MS
analysis. The lyase was found to produce mainly trisaccharide and
tetrasaccharide oligomers with a total content of 49 and 21 %, respectively.
Around 12 % of disaccharide and pentasaccharide oligosaccharides were
isolated. NMR analysis of these four isolated fractions showed that they
contained only AM, AMM, AMMM and AMMMM structures, respectively.
The minimal recognition oligosaccharide was concluded to be the
hexasaccharidle MMMMMM, due to the high content of unsaturated di-, tri-
tetra- and pentasaccharide isolated together with the fact that the
pentasaccharide MMMMM was not cleaved by the enzyme.

The amino acid sequence of the P. alginovora alginate lyase was used with
the BLAST algorithm to find information about the enzyme class, but no
significant similarities were found between this enzyme and any known
alginate lyase. Thus, even if this alginate lyase preferentially cleave poly(M)
substrate with an endo-mechanism, as most of the alginate lyases investigated
so far, it appears that it has evolved through a different evolutionary pathway,
leading to an alginate lyase activity by convergent evolution.

4.2.2 Alginate lyase AlyA1 from Zobellia galactanivorans

The optimum temperature and salinity were 30 °C and 200 mM NacCl,
respectively, and the highest activity of the enzyme was obtained at pH 7 in
Tris-HCI1 buffer. The substrate specificity for AlyAl was determined by
following the degradation of crude alginate, G-, M- and alternating MG-blocks
directly in the NMR tube, and it was observed that the enzyme was active only
on G-G diads.

48



The oligosaccharides produced from degradation of the crude alginate were
separated and fractionated by SEC, and the separation profile (Figure 27)
showed three major peaks from which the molar fraction of the unsaturated
oligosaccharides was estimated. The degree of polymerization of these
fractions was determined by ESI-MS analysis. AlyAl produced mainly
trisaccharide and tetrasaccharide oligomers with a total content of 41 and 36 %
respectively. Around 19 % of disaccharide, and only a small amount of penta-
and hexasaccharide oligosaccharides were isolated. The NMR spectra of the
fractions containing the di- and trisaccharides revealed that AG was the only
disaccharide produced whereas two trisaccharides, AGG and AMG, were
present in the amounts of 88 and 12 % respectively. The NMR spectra of the
tetrasaccharide fraction showed the presence of several structures. In the AH4
region, three signals were assigned to AGMX, AGGX, and AMXX (with X
being a M or G residue), according to the chemical shift values at 5.75, 5.74,
and 5.67 ppm respectively (Figure 28).

AH4(G-G)

AH4(G-M)

AH4(M)

5.85 5.80 5.75 5.70 5.65 5.60 ppm

Figure 28. Expansion of the AH4 region of the 'H NMR spectrum of the tetrasaccharide fraction.

In the region of the reducing end H2(G) (Figure 29), two well separated signals
with different neighbors were observed, with the characteristic chemical shift
at 3.44 ppm for the reducing end with a G neighbor and at 3.51 ppm for the
reducing end with a M neighbor. Since the enzyme produces only compounds
with G-reducing end sugar, it was concluded that the following structures were
present; AGMG, AGGG, and AMXG. The structure of AMXG was determined
using selective TOCSY experiments. Two AH2(M) signals were observed in
the NMR spectra (Figure 29). Thus, four different structures were present in
the tetrasaccharide fraction; AGGG, AGMG, AMGG, and AMMG. Integration
of the H4AG and H4AM signals indicated that AGGG and AGMG together
represent 84 % of the total content of tetrasaccharides, whereas AMGG and
AMMG account for 16 % of the molecules.
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Figure 29. Selective TOCSY of the tetrasaccharide products produced by AlyAl. (A) selective
excitation of AH4(G), (B) selective excitation of AH4(M), and (C) '"H NMR spectrum of the
tetrasaccharide.

Since analysis of the end products revealed a high content of di-, tri- and
tetrasaccharides and low content of penta- and hexasaccharides, it was
concluded that the minimal recognition oligosaccharide is a pentasaccharide.
Further NMR experiments showed that the hexasaccharidle GGGGGG was
degraded by AlyAl. Purified pentasaccharides were not available but the
structures degraded by the enzyme were deduced from MNR analysis of the
end products. These pentasaccharides are: GGGGG, GGMGG, GGGMG, and
GGMMG.

4.2.3 Alginate lyase AlyA5 from Zobellia galactanivorans

The optimum temperature was 30 °C and the enzyme showed highest activity
at pH 7. The salinity was held at 100 mM NacCl as for AlyAl. The substrate
specificity of AlyAS was determined by following the degradation of G-, M-
and alternating MG-blocks directly in the NMR tube. All three block types
were degraded by the enzyme. In the NMR spectra, beside the characteristic
AH4 signals indicating the formation of unsaturated oligosaccharides,
additional signals were observed in two regions, 1.6-2.6 and 3-4 ppm
(Figure 30).
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Figure 30. "H NMR spectrum showing the signals from CH, groups arising from the spontaneous
conversion of A into DEH.

The end products of the AlyAS5 reaction were characterized by following the
degradation of G-blocks. During the course of the reaction, the concentration
of the disaccharide AG was found to increase although the concentration of the
longer unsaturated oligosaccharides decreased. A small amount of the
unsaturated monosaccharide A (4-deoxy-L-erythro-hex-4-ene pyranosyluronat)
was identified even though it was unstable and spontaneously converted into
DEH (4-deoxy-L-erythro-5-hexoseulose uronic acid) (Figure 10). The signals
observed between 1.6-2.6 and 3-4 ppm correspond to protons from CH, groups
in DEH (Figure 30). The concentration of AG was always low during the
course of the reaction, when compared with DEH, showing that AG is a minor
degradation product.

The minimal recognition oligosaccharide of AlyA5 was studied by
incubation of the enzyme with saturated, and unsaturated trisaccharides
(Figure 31). The saturated MMM and GGG were degraded by the enzyme
producing AM and AG, respectively. AGG was degraded into A and AG. AMG
was also producing A and AG, no AM was observed indicating that AlyAS is
able to cleave the glycosidic linkage between the A and M sugar but also that it
is degrading the substrates from the non-reducing end. AlyAS5 also degraded
the unsaturated AMM (AGM was not available). Disaccharides were not
substrates for the enzyme revealing that the minimal recognition
oligosaccharides are saturated and unsaturated trisaccharides.
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Figure 31. Portion of the proton NMR spectra showing the AH4 signals upon degradation of AGG
and AMG by AlyAS5 as a function of time. Both AGG and AMG are degraded to A and AG.

4.2.4 Conclusion

Three new and complementary alginate lyases have been characterized. The
alginate lyase from Pseudomonas alginovora has an endolytic activity with a
strict specificity for M-block alginates.

AlyAl from Zobellia galactanivorans showed an endolytic activity with a
strict specificity for G-block alginates. The crystal structure of AlyAl showed
an active site with an open cleft architecture (Figure 32), which is common for
endolytic enzymes. An open cleft can accommodate longer sugar chains with
four or more monosaccharide units.

These two alginate lyases from P. alginovora and Z. galactanivorans can be
used as tools for sequencing of alginates or in the preparation of G- and M-
blocks of alginates, respectively.
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Figure 32. Surface representation of the crystal structure of AlyAl. A tetrasaccharide GGGG is
superimposed, showing the open cleft.

The AlyAS5 alginate lyase from the marine bacteria Z. galactanivorans has the
more unusual exolytic activity with a broad substrate tolerance. The ability to
degrade oligosaccharides down to mono- and disaccharides has only been seen
for a few alginate lyases before (Kim ef al., 2012; Hashimoto et al., 2000). The
crystal structure of AlyA5 showed an active site of pocket architecture
(Figure 33), which is typical for exolytic enzymes. This type of short pocket
binding site are known for recognizing short sugar ligands containing one to
three monosaccharide units, and acts from the reducing or non-reducing ends.

Figure 33. Surface representation of the crystal structure of AlyAS. A tetrasaccharide GGGG is
superimposed, showing the pocket architecture.

AlyAl and AlyAS are together able to degrade alginate polymers down to
monosaccharide (Figure 34).
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Figure 34. Schematic representation of the mode of action of the two complementary alginate
lyases AlyAl and AlyA5 from the marine bacteria Z. galactanivorans.

4.3 Paper IV — Structural study of the LPS from the Gram-
negative bacteria Plesiomonas shigelloides

The LPS was extracted from bacterial cells of Plesiomonas shigelloides by the
hot phenol/water method (Westphal & Jann, 1965). The LPS recovered from
the water phase was dialyzed and ultra-centrifugated. The LPS was delipidated
with acetic acid and fractionated by SEC, yielding three main fractions, PS,
OSI and OSII. Analysis by NMR and ESI-MS showed that the PS fraction
consisted of the core oligosaccharide substituted with the O-specific
polysaccharide whereas the OSI fraction consisted of the core with one
repeating unit and the OSII fraction of the unsubstituted core.

4.3.1 The O-specific repeating unit

The O-specific polysaccharide was found to contain the following
tetrasaccharide repeating unit (Figure 35).

C B D
— 3)-a-FucpNAc-(1—3)-a-GalpNAc-(1—3)-o-QuipNAc-(1—
4
t

1
o-RhapNAc
A
Figure 35. O-specific repeating unit of the LPS from P. Shigelloides O24:HS.
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In the HSQC spectrum, four anomeric proton resonances at 5.19, 5.13, 5.11
and 4.93 ppm showed correlation to anomeric carbon resonances at 98.50,
97.92, 95.77 and 99.09 ppm, respectively, indicating the presence of four sugar
residues in the repeating unit (Figure 36). The signals were annotated with
capital letters A-D according to decreasing chemical shift values. In the
'HNMR spectrum, three upfield shifted resonances were observed, two at
1.23 ppm and one at 1.26 ppm, characteristic for methyl groups of 6-deoxy
sugars. Three signals at 2.02 and 2.04 ppm together with one with twice the
intensity at 1.95 ppm, indicated four methyl groups from the N-acetyl function
in acetamido sugars. The HSQC spectrum showed four resonances in the range
47-55 ppm characteristic for carbons bound to nitrogen, which is consistent
with the four acetamido groups in the repeating unit. The downfield shift of the
anomeric protons, together with the lJcLHl values (172, 174, 175 and 179 Hz)
indicated the a-pyranosyl configuration for all four residues. The assignments
of residues A-D were obtained from COSY, TOCSY, NOESY and HSQC-
TOCSY experiments.

The anomeric resonance at 5.18 ppm, residue A, showed a weak cross-peak
to H2 at 4.37 ppm, H2 showed a cross-peak to H3 at 3.97 ppm and from H3 a
cross-peak to H4 at 3.36 ppm was observed in the COSY spectrum. The weak
cross-peaks in the COSY spectrum indicate small 3JH1,H2 and 3JH2,H3 coupling
constants. Through a TOCSY experiment the connectivities from H4 to H5 at
3.67 ppm and H6 (methyl) at 1.23 ppm were observed. The H4 signal was well
resolved and appeared as a triplet which indicates large and similar 3JH3,H4 and
3JH4,H5 coupling constant values. In the HSQC spectrum, the H2 proton showed
correlation with the carbon resonance at 54.05 ppm (Figure 36) indicating an
N-acetyl function at the C2 position. In the NOESY spectrum a strong cross-
peak between H2 and H3 was observed. From these data, residue A was
assigned as a 2-acetamido-2,6-dideoxy-hexo pyranose with a manno-
configuration (RhaNAc). The a-anomeric configuration was further confirmed
by the cross-peaks between H1 and H2 and H2 and H3 in the NOESY
spectrum, together with the absence of cross-peaks between H1 and H3 as well
as between H1 and H5 expected for the B-pyranosyl configuration.

The anomeric resonance at 5.13 ppm, residue B, showed a cross-peak to H2
at 4.60 ppm, H2 showed a cross-peak to H3 at 3.98 ppm, and H3 showed a
cross-peak to H4 at 4.59 ppm in the COSY spectrum. H1 showed NOE to H2,
H3 showed NOE to H5 at 4.87 ppm and H5 showed NOE to H4. These data
indicated a residue with galacto-configuration. In the HSQC spectrum, H2
showed a correlation with the carbon resonance at 48.8 ppm (Figure 36)
indicating an N-acetyl function at the C2 position.
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The absence of an H6 resonance and the downfield shift of H4 and H5
(Figure 36) are characteristic for an uronic acid and residue B was thus
identified as a 2-acetamido-2-deoxy-galacturonic acid (GalNAcA).

The anomeric resonance at 5.11 ppm, residue C, showed a cross-peak to H2
at 4.37 ppm, and H2 showed a cross-peak to H3 at 3.65 ppm in the COSY
spectrum. NOESY showed cross-peaks between H1 and H2, as well as
between H3 and H4, H3 and HS and H4 and HS. In the TOCSY spectrum, H5
at 3.79 ppm showed connectivity to H6 (methyl) at 1.26 ppm. In the HSQC
spectrum, H2 correlated with the carbon resonance at 49.4 ppm (Figure 36)
indicating an N-acetyl function at the C2 position. Residue C was assigned to
be a 2-acetamido-2,6-dideoxy-hexo pyranose with galacto-configuration
(FucNAc)

The anomeric resonance at 4.93 ppm, residue D, gave a cross-peak to H2 at
4.14 ppm in the COSY spectrum. In the TOCSY spectrum, correlations from
HI1 to H6 (1.26 ppm) were observed. Both H3 and H4 signals appeared as a
triplet indicating similar values of 3JH2,H3, 3JH3,H4 and 3JH4,H5 coupling constants.
In the HSQC spectrum, H2 correlated with the carbon resonance at 54.4 ppm
(Figure 36) indicating an N-acetyl function at the C2 position. The a-anomeric
configuration was further confirmed from the strong cross-peaks observed
between H1 and H2 in the NOESY spectrum. From these results, residue D
was concluded to be an a-2-acetamido-2,6-dideoxy-hexo pyranose with gluco-
configuration (QuiNAc).
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Figure 36. HSQC spectrum of the O-specific repeating unit of the LPS from P. Shigelloides
024:H8.

The sequence of the monosaccharide residues and the connections between
them were obtained from the inter-residue interactions observed in NOESY
and HMBC spectra. Inter-residues NOEs were found between HI1(A) and
H4(B), H1(B) and H3(D), H1(D) and H3(C), H1(C) and H3(B) (Figure 37).
This sequence was confirmed by HMBC cross-peaks between the anomeric
protons and the carbons at the linkage position.
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Figure 37. Portion of the NOESY spectrum of the O-specific repeating unit of the LPS from
P. Shigelloides 024:H8.

The mass of the O-specific repeating unit (779.4 Da) was determined from
ESI-MS by comparing the mass of the OSI fraction with the mass of the OSII
fraction and was in good agreement with the structure obtained by NMR
(Figures 38-39).

4.3.2 The core oligosaccharide

From a serological screening of 69 different O-serotypes of Plesiomonas
shigelloides, Niedziela et al. (2002) suggested that epitopes similar to the core
oligosaccharide of the serotype O54 (strain CNCTC 113/92) could also be
present in the core region of the serotype 024 (strain CNCTC 92/89).

The ESI-MS analysis of the OSII fraction showed two main ions at m/z
821.8 [M-H,O+H+Na]*" and m/Zz 902.8 [M-H,O+H+Na]*', giving the
monoisotopic mass of 1637.6 Da and 1799.6 Da respectively, differing only in
one hexose unit (162 Da) and suggesting a decasaccharide and a
nonasaccharide respectively (Figure 39). The nine sugars present in
P. shigelloides CNCTC 113/92, two Gal, one Glc, three Hep, one GalA, one
GlcN and one Kdo, gave together a monoisotopic mass of 1637.5 Da, which is
in agreement with one of the masses of OSII.

Intens.
x105] 3+
861.9773

1292 4624
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Figure 38. Mass spectrum of the OSI fraction containing the core oligosaccharide substituted by
one repeating unit.
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Figure 39. Mass spectrum of the OSII fraction containing the unsubstituted core oligosaccharide.

The HSQC spectrum (Figure 40) of the OSII fraction showed eight main
signals in the region for anomeric protons and carbons at 5.45/101.1 ppm (E),
5.32/99.9 ppm (F), 5.21/96.50 ppm (G), 5.12/100.9 ppm (H), 4.93/100.9 ppm
(I), 4.59/103.4 ppm (J), 4.47/103.7 ppm (K), and 4.43/104.1 ppm (L), as well
as a spin system corresponding to a Kdo (M) (not shown in Figure 40) residue
indicating a nonasaccharide core structure.
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Figure 40. Anomeric region of the HSQC spectrum of the core oligosaccharide of the LPS from
P. Shigelloides 024:H8.

NMR analysis of the OSI fraction showed an additional signal in the anomeric
region at 4.47/103.6 ppm (N), corresponding to a sugar residue with gluco-
configuration. This residue was shown to be 1—6 linked to a-D-GlcpN (G)
from the cross-peak between H1 (N) and H6 (G) at 4.16 ppm in the NOESY
spectrum, and from the cross-peak between H1 (N) and C6 (G) at 67.9 ppm in
the HMBC spectrum. Comparison of the NMR data of the core oligosaccharide
with those published for the core of the LPS from P. shigelloides CNCTC
113/92 (Niedziela et al., 2002), showed that the two structures were similar
(Figure 41).
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Figure 41. Structure of the core oligosaccharide of the LPS from P. shigelloides O24:H8 (Strain
CNCTC 92/89).

4.3.3 Conclusion

A structure similar to that of the tetrasaccharide repeating unit has been
reported for the capsular polysaccharide of the Vibrio vulnificus Strain
BO62316 (Reddy et al., 1998; Reddy et al., 1993). The structural similarities
might be explained by the fact that Plesiomonas shigelloides belonged to the
Vibrionaceae family before it was moved to the Enterobacteriaceae family.
Another strain of P. shigelloides serotype O17 has shown to express an
O-specific polysaccharide identical to the Shigella sonni O-specific
polysaccharide (Kubler-Kielb et al., 2008).

It has been suggested that the presence of deoxy sugars with hydrophobic
substituents in all the O-specific polysaccharides structures so far characterized
rendering a high hydrophobic LPS could suggest a method adopted by
P. shigelloides to adhere to host cells in aqueous environment (Aquilini et al.,
2013; Nazarenko et al., 2011; Maciejewska et al., 2009).
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5 Conclusions and Further Perspectives

k-Carrageenans give strong gels while k/p-carrageenan hybrids have low
gelling properties. The structural implications of p-residues in k-carrageenan
oligosaccharides were investigated using NMR of hydroxy protons. The «, Kk,
KKK, KKKK, KKKKK, KUK, Kppk and kppuk oligosaccharides were analyzed. A
weak hydrogen bonding interaction was found across the 1—4 glycosidic
linkages of p-carrabiose in the kuk, xppk and kpppk oligosaccharides. In
kuppk the NMR data suggested that this hydrogen bond might be lost in the
central p-carrabiose unit.

Gelation is based on intermolecular hydrogen bonds in large polymers
while the NMR data presented here only show intramolecular hydrogen bonds
in oligosaccharides. It cannot be excluded however that what we observed at
the oligosaccharide level is also present in the larger polymers. Studies of
larger k/p-hybrid structures that can form helical strands could give new
information important for describing the structural implications of hybridity in
carrageenans.

Three new alginate lyases, the endolytic M-lyase from Pseudomonas
alginovora, the endolytic G-lyase, AlyAl, from Zobellia galactanivorans both
acting on alginate polymers and the exolytic AlyAS active on oligosaccharides
and with a broad substrate tolerance, were characterized. These enzymes, with
complementary functions and known mode of action, could be employed to
develop a fingerprinting method for sequencing of alginates using for example
LC-MS.

61






References

Adams, B. & Lerner, L. (1992). Observation of hydroxyl protons of sucrose in
aqueous solution: No evidence for persistent intramolecular hydrogen
bonds. Journal of the American Chemical Society 114(12), 4827-4829.

Aldova, E. & Shimada, T. (2000). New O and H antigens of the international
antigenic scheme for Plesiomonas shigelloides. Folia Microbiologica
45(4), 301-304.

Aquilini, E., Merino, S. & Tomas, J.M. (2013). The Plesiomonas shigelloides
wb(O1) gene cluster and the role of Ol-antigen LPS in pathogenicity.
Microbial Pathogenesis 63, 1-7.

Bekiroglu, S., Kenne, L. & Sandstrém, C. (2003). 'H NMR studies of maltose,
maltoheptaose, alpha-, beta-, and gamma-cyclodextrins, and complexes in
aqueous solutions with hydroxy protons as structural probes. Journal of
Organic Chemistry 68(5), 1671-1678.

Bekiroglu, S., Sandstrom, A., Kenne, L. & Sandstrom, C. (2004). 4b initio and
NMR studies on the effect of hydration on the chemical shift of hydroxy
protons in carbohydrates using disaccharides and water/methanol/ethers
as model systems. Organic & Biomolecular Chemistry 2(2), 200-205.

Bosco, M., Segre, A., Miertus, S., Cesaro, A. & Paoletti, S. (2005). The disordered
conformation of kappa-carrageenan in solution as determined by NMR
experiments and molecular modeling. Carbohydrate Research 340(5),
943-958.

Bubb, W.A. (2003). NMR spectroscopy in the study of carbohydrates:
Characterizing the structural complexity. Concepts in Magnetic
Resonance Part A 19A(1), 1-19.

Campo, V.L., Kawano, D.F., da Silva, D.B. & Carvalho, I. (2009). Carrageenans:
Biological properties, chemical modifications and structural analysis - A
review. Carbohydrate Polymers 77(2), 167-180.

Caroff, M. & Karibian, D. (2003). Structure of bacterial lipopolysaccharides.
Carbohydrate Research 338(23), 2431-2447.

Chavagnat, F., Duez, C., Guinand, M., Potin, P., Barbeyron, T., Henrissat, B.,
Wallach, J. & Ghuysen, J.M. (1996). Cloning, sequencing and
overexpression in Escherichia coli of the alginate-lyase-encoding aly gene

63



of Pseudomonas alginovora: Identification of three classes of alginate
lyases. Biochemical Journal 319, 575-583.

Churms, S.C. (1996a). Recent progress in carbohydrate separation by high-
performance liquid chromatography based on hydrophilic interaction.
Journal of Chromatography A 720(1-2), 75-91.

Churms, S.C. (1996b). Recent progress in carbohydrate separation by high-
performance liquid chromatography based on size exclusion. Journal of
Chromatography A 720(1-2), 151-166.

Ciucanu, I. & Kerek, F. (1984). A simple and rapid method for the permethylation
of carbohydrates. Carbohydrate Research 131(2), 209-217.

Czaja, J., Jachymek, W., Niedziela, T., Lugowski, C., Aldova, E. & Kenne, L.
(2000). Structural studies of the O-specific polysaccharide from
Plesiomonas shigelloides strain CNCTC 113/92. European Journal of
Biochemistry 267(6), 1672-1679.

Davis, D.G. & Bax, A. (1985). Separation of chemical exchange and cross-
relaxation effects in two-dimensional NMR spectroscopy. Journal of
Magnetic Resonance 64(3), 533-535.

Dempster, A.J. (1918). A new method of positive ray analysis. Phys. Rev. (11),
316-325.

Domon, B. & Costello, C.E. (1988). A systematic nomenclature for carbohydrate
fragmentations in FAB-MS/MS spectra of glycoconjugates.
Glycoconjugate Journal 5(4), 397-409.

Draget, K.I., Skjak-Braek, G., Christensen, B.E., Gaserad, O. & Smidsred, O.
(1996). Swelling and partial solubilization of alginic acid gel beads in
acidic buffer. Carbohydrate Polymers 29(3), 209-215.

Erridge, C., Bennett-Guerrero, E. & Poxton, I.R. (2002). Structure and function of
lipopolysaccharides. Microbes and Infection 4(8), 837-851.

Falshaw, R., Bixler, H.J. & Johndro, K. (2001). Structure and performance of
commercial kappa-2 carrageenan extracts: 1. Structure analysis. Food
Hydrocolloids 15(4-6), 441-452.

Farmer, J.J., Arduino, M.J. & Hickman-Brenner, F.W. (20006). The Genera
Aeromonas and Plesiomonas. (Prokaryotes: A Handbook on the Biology
of Bacteria, Vol 6, Third Edition: Proteobacteria: Gamma Subclass. ISBN
978-0-387-25496-8.

Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F. & Whitehouse, C.M. (1990).
Electrospray ionization-principles and practice. Mass Spectrometry
Reviews 9(1), 37-70.

Gacesa, P. (1987). Alginate-modifying enzymes: a proposed unified mechanism of
action for the lyases and epimerases. FEBS letters 212(2), 199-202.

Gacesa, P. (1988). Alginates. Carbohydrate Polymers 8(3), 161-182.

Gardner, S.E., Fowlston, S.E. & George, W.L. (1987). In vitro production of
cholera toxin-like activity by Plesiomonas shigelloides. Journal of
Infectious Diseases 156(5), 720-722.

64



Gerwig, G.J., Kamerling, J.P. & Vliegenthart, J.F.G. (1978). Determination of D
and L configuration of neutral monosaccharides by high-resolution
capillary g.l.c. Carbohydrate Research 62(2), 349-357.

Gheysen, K., Mihai, C., Conrath, K. & Martins, J.C. (2008). Rapid identification of
common hexapyranose monosaccharide units by a simple TOCSY
matching approach. Chemistry 14(29), 8869-8878.

Grant, G.T., Morris, E.R., Rees, D.A., Smith, P.J.C. & Thom, D. (1973).
Biological interactions between polysaccharides and divalent cations: The
egg-box model. FEBS letters 32(1), 195-198.

Grasdalen, H. (1983). High-field, '"H-n.m.r. spectroscopy of alginate - sequential
structure and linkage conformations. Carbohydrate Research 118(JUL),
255-260.

Harvey, J.M., Symons, M.C.R. & Naftalin, R.J. (1976). Proton magnetic-resonance
study of hydration of glucose. Nature 261(5559), 435-436.

Hashimoto, W., Miyake, O., Momma, K., Kawai, S. & Murata, K. (2000).
Molecular identification of oligoalginate lyase of Sphingomonas sp. strain
Al as one of the enzymes required for complete depolymerization of
alginate. Journal of Bacteriology 182(16), 4572-4577.

Haug, A., Larsen, B. & Smidsred, O. (1967). Studies on the sequence of uronic
acid residues in alginic acid. Acta Chemica Scandinavica 21(3), 691-704.

Haug, A., Larsen, B. & Smidsred, O. (1974). Uronic acid sequence in alginate
from different sources. Carbohydrate Research 32(2), 217-225.

Haug, A. & Smidsrad, O. (1965). The effect of divalent metals on properties of
alginate solutions. II. Comparison of different metal ions. Acta Chemica
Scandinavica 19(2), 341-351.

Hillenkamp, F., Karas, M., Beavis, R.C. & Chait, B.T. (1991). Matrix-assisted
laser desorption-ionization mass spectrometry of biopolymers. Analytical
Chemistry 63(24), A1193-A1203.

Hilliou, L., Larotonda, F.D.S., Abreu, P., Abreu, M.H., Sereno, A.M. & Goncalves,
M.P. (2012). The impact of seaweed life phase and postharvest storage
duration on the chemical and rheological properties of hybrid
carrageenans isolated from Portuguese Mastocarpus stellatus.
Carbohydrate Polymers 87(4), 2655-2663.

Hilliou, L., Larotonda, F.D.S., Abreu, P., Ramos, A.M., Sereno, A M. &
Goncalves, M.P. (2006). Effect of extraction parameters on the chemical
structure and gel properties of kappa/iota-hybrid carrageenans obtained
from Mastocarpus stellatus. Biomolecular Engineering 23(4), 201-208.

Indergaard, M. & Skjék-Braek, G. (1987). Characteristics of alginate from
Laminaria digitata cultivated in a high-phosphate environment.
Hydrobiologia 151/152, 541-549.

Janda, J.M. & Abbott, S.L. (1993). Expression of hemolytic activity by
Plesiomonas shigelloides. Journal of Clinical Microbiology 31(5), 1206-
1208.

65



Jouanneau, D., Boulenguer, P., Mazoyer, J. & Helbert, W. (2010). Enzymatic
degradation of hybrid iota-/nu-carrageenan by Alteromonas fortis iota-
carrageenase. Carbohydr Res 345(7), 934-940.

Kailemia, M.J., Ruhaak, L.R., Lebrilla, C.B. & Amster, [.J. (2014).
Oligosaccharide analysis by mass spectrometry: A review of recent
developments. Analytical Chemistry 86(1), 196-212.

Kamerling, J.P., Boons, G.-J., Lee, Y.C., Suzuki, A., Taniguchi, N. & Voragen,
A.G.J. (2007). Comprehensive glycoscience: from chemistry to systems
biology. 1st edition. ed. Amsterdam: Elsevier Ltd. ISBN 978-0-444-
52746-2.

Kaszowska, M., Jachymek, W., Lukasiewicz, J., Niedziela, T., Kenne, L. &
Lugowski, C. (2013a). The unique structure of complete
lipopolysaccharide isolated from semi-rough Plesiomonas shigelloides
037 ( strain CNCTC 39/89) containing (2S)-O-(4-oxopentanoic acid)-
alpha-D-Glcp (alpha-D-Lenose). Carbohydrate Research 378, 98-107.

Kaszowska, M., Jachymek, W., Niedziela, T., Koj, S., Kenne, L. & Lugowski, C.
(2013b). The novel structure of the core oligosaccharide backbone of the
lipopolysaccharide from the Plesiomonas shigelloides strain CNCTC
80/89 (serotype O13). Carbohydrate Research 380, 45-50.

Kim, H.T., Chung, J.H., Wang, D., Lee, J., Woo, H.C., Choi, I.G. & Kim, K.H.
(2012). Depolymerization of alginate into a monomeric sugar acid using
Algl7C, an exo-oligoalginate lyase cloned from Saccharophagus
degradans 2-40. Applied Microbiology and Biotechnology 93(5), 2233-
2239.

Kloareg, B. & Quatrano, R.S. (1988). Structure of the cell walls of marine algae
and ecophysiological functions of the matrix polysaccharides.
Oceanography and Marine Biology 26, 259-315.

Knutsen, S.H. & Grasdalen, H. (1992). The use of neocarrabiose oligosaccharides
with different length and sulfate substitution as model compounds for "H-
NMR spectroscopy. Carbohydrate Research 229(2), 233-244.

Knutsen, S.H., Myslabodski, D.E., Larsen, B. & Usov, A.L. (1994). A modified
system of nomenclature for red algal galactans. Botanica Marina 37(2),
163-169.

Koizumi, K. (1996). High-performance liquid chromatographic separation of
carbohydrates on graphitized carbon columns. Journal of
Chromatography A 720(1-2), 119-126.

Kroon, J., Kroon-Batenburg, L.M.J., Leeflang, B.R. & Vliegenthart, J.F.G. (1994).
Intramolecular versus intermolecular hydrogen bonding in solution.
Journal of Molecular Structure 322,27-31.

Kubler-Kielb, J., Schneerson, R., Mocca, C. & Vinogradov, E. (2008). The
elucidation of the structure of the core part of the LPS from Plesiomonas
shigelloides serotype O17 expressing O-polysaccharide chain identical to
the Shigella sonnei O-chain. Carbohydrate Research 343(18), 3123-3127.

Lamba, D., Segre, A.L., Glover, S., Mackie, W., Sheldrick, B. & Peréz, S. (1990).
Molecular structure of 3-O-(3,6-anhydro-alpha-D-galactopyranosyl)-beta-

66



D-galactopyranose (neocarrabiose) in the solid state and in solution: an
investigation by x-ray crystallography, n.m.r. spectroscopy, and molecular
mechanics calculations. Carbohydrate Research 208, 215-230.

Lee, K.Y. & Mooney, D.J. (2012). Alginate: Properties and biomedical
applications. Progress in Polymer Science 37(1), 106-126.

Lee, Y.C. (1996). Carbohydrate analyses with high-performance anion-exchange
chromatography. Journal of Chromatography A 720(1-2), 137-149.

Linnerborg, M., Widmalm, G., Weintraub, A. & Albert, M.J. (1995). Structural
elucidation of the O-antigen lipopolysaccharide from two strains of
Plesiomonas shigelloides that share a type-specific antigen with Shigella
flexneri 6, and the common group 1 antigen with Shigella flexneri spp and
Shigella dysenteriae 1. European Journal of Biochemistry 231(3), 839-
844.

Lukasiewicz, J., Dzieciatkowska, M., Niedziela, T., Jachymek, W., Augustyniuk,
A., Kenne, L. & Lugowski, C. (2006a). Complete lipopolysaccharide of
Plesiomonas shigelloides O74:H5 (strain CNCTC 144/92). 2. Lipid A, its
structural variability, the linkage to the core oligosaccharide, and the
biological activity of the lipopolysaccharide. Biochemistry 45(35), 10434-
10447.

Lukasiewicz, J., Niedziela, T., Jachymek, W., Kenne, L. & Lugowski, C. (2006b).
Structure of the lipid A-inner core region and biological activity of
Plesiomonas shigelloides 054 (strain CNCTC 113/92)
lipopolysaccharide. Glycobiology 16(6), 538-550.

Maciejewska, A., Lukasiewicz, J., Kaszowska, M., Man-Kupisinska, A.,
Jachymek, W. & Lugowski, C. (2013). Core oligosaccharide of
Plesiomonas shigelloides PCM 2231 (Serotype O17) lipopolysaccharide
structural and serological analysis. Marine Drugs 11(2), 440-454.

Maciejewska, A., Lukasiewicz, J., Niedziela, T., Szewczuk, Z. & Lugowski, C.
(2009). Structural analysis of the O-specific polysaccharide isolated from
Plesiomonas shigelloides O51 lipopolysaccharide. Carbohydrate
Research 344(7), 894-900.

McNaught, A.D. (1997). Nomenclature of carbohydrates (recommendations 1996).
Carbohydrate Research 297(1), 1-92.

Morssing-Vilén, E., Klinger, M. & Sandstrém, C. (2011). Application of diffusion-
edited NMR spectroscopy for selective suppression of water signal in the
determination of monomer composition in alginates. Magnetic Resonance
in Chemistry 49(9), 584-591.

Nazarenko, E.L., Crawford, R.J. & Ivanova, E.P. (2011). The structural diversity of
carbohydrate antigens of selected Gram-negative marine bacteria. Marine
Drugs 9(10), 1914-1954.

Nestor, G., Kenne, L. & Sandstrom, C. (2010). Experimental evidence of chemical
exchange over the beta(1 -> 3) glycosidic linkage and hydrogen bonding
involving hydroxy protons in hyaluronan oligosaccharides by NMR
spectroscopy. Organic & Biomolecular Chemistry 8(12), 2795-2802.

67



Nestor, G., Lukasiewicz, J. & Sandstrom, C. (2014). Structural analysis of the core
oligosaccharide and the O-specific polysaccharide from the Plesiomonas
shigelloides O33:H3 (Strain CNCTC 34/89) lipopolysaccharide.
European Journal of Organic Chemistry 2014(6), 1241-1252.

Niedziela, T., Dag, S., Lukasiewicz, J., Dzieciatkowska, M., Jachymek, W.,
Lugowski, C. & Kenne, L. (2006). Complete lipopolysaccharide of
Plesiomonas shigelloides O74:HS5 (strain CNCTC 144/92). 1. Structural
analysis of the highly hydrophobic lipopolysaccharide, including the O-
antigen, its biological repeating unit, the core oligosaccharide, and the
linkage between them. Biochemistry 45(35), 10422-10433.

Niedziela, T., Lukasiewicz, J., Jachymek, W., Dzieciatkowska, M., Lugowski, C.
& Kenne, L. (2002). Core oligosaccharides of Plesiomonas shigelloides
054:H2 (strain CNCTC 113/92) - Structural and serological analysis of
the lipopolysaccharide core region, the O-antigen biological repeating
unit, and the linkage between them. Journal of Biological Chemistry
277(14), 11653-11663.

Okawa, Y., Ohtomo, Y., Tsugawa, H., Matsuda, Y., Kobayashi, H. & Tsukamoto,
T. (2004). Isolation and characterization of a cytotoxin produced by
Plesiomonas shigelloides P-1 strain. FEMS Microbiology Letters 239(1),
125-130.

Pieretti, G., Carillo, S., Lindner, B., Lanzetta, R., Parrilli, M., Jimenez, N., Regué,
M., Tomas, J.M. & Corsaro, M.M. (2010). The complete structure of the
core of the LPS from Plesiomonas shigelloides 302-73 and the
identification of its O-antigen biological repeating unit. Carbohydrate
Research 345(17), 2523-2528.

Pieretti, G., Corsaro, M.M., Lanzetta, R., Parrilli, M., Canals, R., Merino, S. &
Tomas, J.M. (2008). Structural studies of the O-chain polysaccharide
from Plesiomonas shigelloides strain 302-73 (serotype O1). European
Journal of Organic Chemistry (18), 3149-3155.

Pieretti, G., Corsaro, M.M., Lanzetta, R., Parrilli, M., Vilches, S., Merino, S. &
Tomas, J.M. (2009). Structure of the core region from the
lipopolysaccharide of Plesiomonas shigelloides strain 302-73 (serotype
O1). European Journal of Organic Chemistry (9), 1365-1371.

Piotto, M., Saudek, V. & Sklenar, V. (1992). Gradient-tailored excitation for
single-quantum NMR spectroscopy of aqueous solutions. Journal of
Biomolecular NMR 2(6), 661-665.

Poppe, L., Stuikeprill, R., Meyer, B. & Vanhalbeek, H. (1992). The solution
conformation of sialyl-alpha(2- 6)-lactose studied by modern NMR
techniques and Monte-Carlo simulations. Journal of Biomolecular
NMR2(2), 109-136.

Poppe, L. & Vanhalbeek, H. (1994). NMR spectroscopy of hydroxyl protons in
supercooled carbohydrates. Nature Structural Biology 1(4), 215-216.

Potin, P., Bouarab, K., Kiipper, F. & Kloareg, B. (1999). Oligosaccharide
recognition signals and defence reactions in marine plant-microbe
interactions. Current Opinion in Microbiology 2(3), 276-283.

68



Raetz, C.R.H. & Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annual
Review of Biochemistry 71, 635-700.

Reddy, G.P., Hayat, U., Bush, C.A. & Morris, J.G. (1993). Capsular
polysaccharide structure of a clinical isolate of Vibrio vulnificus strain
B062316 determined by heteronuclear NMR spectroscopy and high-
performance anion-exchange chromatography. Analytical Biochemistry
214(1), 106-115.

Reddy, G.P., Hayat, U., Xu, Q.W., Reddy, K.V., Wang, Y.H., Chiu, K.W., Morris,
J.G. & Bush, C.A. (1998). Structure determination of the capsular
polysaccharide from Vibrio vulnificus strain 6353. European Journal of
Biochemistry 255(1), 279-288.

Rees, D.A. (1972). Shapely polysaccharides. The eighth colworth medal lecture.
Biochemical Journal 126(2), 257-273.

Rinaudo, M. (2008). Main properties and current applications of some
polysaccharides as biomaterials. Polymer International 57(3), 397-430.

Ruimy, R., Breittmayer, V., Elbaze, P., Lafay, B., Boussemart, O., Gauthier, M. &
Christen, R. (1994). Phylogenetic analysis and assessment of the genera
Vibrio, Photobacterium, Aeromonas, and Plesiomonas deduced from
small-subunit rRNA sequences. International Journal of Systematic
Bacteriology 44(3), 416-426.

Salomonsen, T., Jensen, H.M., Larsen, F.H., Steuernagel, S. & Engelsen, S.B.
(2009). Alginate monomer composition studied by solution- and solid-
state NMR - A comparative chemometric study. Food Hydrocolloids
23(6), 1579-1586.

Sandstrom, C. & Kenne, L. (2006). Hydroxy protons in structural studies of
carbohydrates by NMR spectroscopy. In: Nmr Spectroscopy and
Computer Modeling of Carbohydrates: Recent Advances. pp. 114-132
American Chemical Society. (ACS Symposium Series; 930). ISBN 0-
8412-3953-3.

Sawardeker, J.S., Sloneker, J.H. & Jeanes, A. (1965). Quantitative determination of
monosaccharides as their alditol acetates by gas liquid chromatography.
Analytical Chemistry 37(12), 1602-1604.

Sears, C.L. & Kaper, J.B. (1996). Enteric bacterial toxins: Mechanisms of action
and linkage to intestinal secretion. Microbiological Reviews 60(1), 167-
215.

Sheng, S.Q. & Vanhalbeek, H. (1995). Evidence for a transient interresidue
hydrogen bond in sucrose in aqueous solution obtained by rotating-frame
exchange NMR spectroscopy under supercooled conditions. Biochemical
and Biophysical Research Communications 215(2), 504-510.

Sklenar, V., Piotto, M., Leppik, R. & Saudek, V. (1993). Gradient-tailored water
suppression for 'H-""N HSQC experiments optimized to retain full
sensitivity. Journal of Magnetic Resonance Series A 102(2), 241-245.

Smidsred, O., Larsen, B., Painter, T. & Haug, A. (1969). The role of
intramolecular autocatalysis in acid hydrolysis of polysaccharides

69



containing 1,4-linked hexuronic acid. Acta Chemica Scandinavica 23(5),
1573-1580.

Smith, D.B. & Cook, W.H. (1953). Fractionation of carrageenin. Archives of
Biochemistry and Biophysics 45(1), 232-233.

Stock, 1. (2004). Plesiomonas shigelloides: an emerging pathogen with unusual
properties. Reviews in Medical Microbiology 15(4), 129-139.

Stortz, C.A. (2006). MM3 potential energy surfaces of trisaccharide models of
lambda-, mu-, and nu-carrageenans. Carbohydrate Research 341(15),
2531-2542.

Stortz, C.A. & Cerezo, A.S. (2000). Conformational analysis of neocarrabiose and
its sulfated and/or pyruvylated derivatives using the MM3 force-field.
Journal of Carbohydrate Chemistry 19(9), 1115-1130.

Stortz, C.A. & Cerezo, A.S. (2003). MM3 potential energy surfaces of
trisaccharides. II. Carrageenan models containing 3,6-anhydro-D-
galactose. Biopolymers 70(2), 227-239.

Sutherland, I.W. (1995). Polysaccharide lyases. FEMS Microbiology Reviews
16(4), 323-347.

Symons, M.C.R., Benbow, J.A. & Harvey, J.M. (1980). Hydroxyl-proton
resonance shifts for a range of aqueous sugar solutions. Carbohydrate
Research 83(1), 9-20.

Sawén, E., Ostervall, J., Landersjo, C., Edblad, M., Weintraub, A., Ansaruzzaman,
M. & Widmalm, G. (2012). Structural studies of the O-antigenic
polysaccharide from Plesiomonas shigelloides strain AM36565.
Carbohydrate Research 348, 99-103.

Takeda, H., Yoneyama, F., Kawai, S., Hashimoto, W. & Murata, K. (2011).
Bioethanol production from marine biomass alginate by metabolically
engineered bacteria. Energy & Environmental Science 4(7), 2575-2581.

Thomas, F., Barbeyron, T., Tonon, T., Genicot, S., Czjzek, M. & Michel, G.
(2012). Characterization of the first alginolytic operons in a marine
bacterium: from their emergence in marine Flavobacteriia to their
independent transfers to marine Proteobacteria and human gut
Bacteroides. Environmental Microbiology 14(9), 2379-2394.

Ueda, K., Saiki, M. & Brady, J.W. (2001). Molecular dynamics simulation and
NMR study of aqueous neocarrabiose 4(1)-sulfate, a building block of
kappa-carrageenan. Journal of Physical Chemistry B 105(36), 8629-8638.

van de Velde, F. & De Ruiter, G.A. (2002). Carrageenan. In Polysaccharides I1:
Polysaccharides from Eukaryotes;. In: De Baets, S. (Ed.) Biopolymers;
Wiley-VCH:Weinheim, 2002; Vol. 6, pp 245-274. ISBN 9783527600038.

van de Velde, F., Knutsen, S.H., Usov, A.L,, Rollema, H.S. & Cerezo, A.S.
(2002a). 'H and “*C high resolution NMR spectroscopy of carrageenans:
application in research and industry. Trends in Food Science &
Technology 13(3), 73-92.

van de Velde, F., Rollema, H.S., Grinberg, N.V., Burova, T.V., Grinberg, V.Y. &
Tromp, R.H. (2002b). Coil-helix transition of iota-carrageenan as a
function of chain regularity. Biopolymers 65(4), 299-312.

70



Wargacki, A.J., Leonard, E., Win, M.N., Regitsky, D.D., Santos, C.N.S., Kim,
P.B., Cooper, S.R., Raisner, R.M., Herman, A., Sivitz, A.B.,
Lakshmanaswamy, A., Kashiyama, Y., Baker, D. & Yoshikuni, Y. (2012).
An engineered microbial platform for direct biofuel production from
brown macroalgae. Science 335(6066), 308-313.

Westphal, O. & Jann, K. (1965). Bacterial lipopolysaccharide: Extraction with
phenol-water and further application of the procedure. Methods
Carbohydr Chem 5, 83-91.

Viebke, C., Borgstrom, J. & Piculell, L. (1995). Characterization of kappa- and
iota-carrageenan coils and helices by MALLS/GPC. Carbohydrate
Polymers 27(2), 145-154.

Wong, T.Y., Preston, L.A. & Schiller, N.L. (2000). Alginate lyase: Review of
major sources and enzyme characteristics, structure-function analysis,
biological roles, and applications. Annual Review of Microbiology 54,
289-340.

Zhao, H.Q., Pan, Q.F., Zhang, W.H., Carmichael, I. & Serianni, A.S. (2007). DFT
and NMR studies of ZJCOH 3JHC0H, and 3JCCOH spin-couplings in
saccharides: C-O torsional bias and H-bonding in aqueous solution.
Journal of Organic Chemistry 72(19), 7071-7082.

71






Acknowledgements

This work would not have been possible without the help, support and joy that
all you around me have given and shared!

First, T would like to express my deepest gratitude to Professor Corine
Sandstrom, my supervisor, and scientific role model. Thank you for believing
in me and always giving me the very best support. It has been a great pleasure
to be a Ph.D. student of yours. This is just words, and I cannot express my
appreciation enough towards you in any written form, you should just know
that I think you are the best!

Professor Anders Broberg, my assistant supervisor, thank you for taking the
time to proof read this thesis, and for answering all my stupid questions during
the years about how to login to different equipment’s, how to transfer data here
and there.

The late professor Lennart Kenne, I cannot thank you enough for taking me
in as a Ph.D. student. You will always be remembered as the knowledgeable,
humble and joyful inspiration you were.

Anders Karlsson, without your support I would not had thought that I could
become a Ph.D. student, thank you for everything.

Josses, det dr s& manga som ska tackas... For vad vore dessa ar utan alla er,
fina kollegor och vénner, ni ska bara veta hur mycket det har betytt att ha er
runt om kring mig! Jag &r radd for att jag redan hidr maste be om ursékt for om
jag har missat ndgon, om det sker s dr det enbart for att jag inte &r perfekt,
4ven solen har sina mérka flickar har jag ldst nigonstans ©.

Ett stort tack till mina fina rumskamrater Eric Morssing-Vilén och Gustav
Nestor for att ni har stitt ut med mig och for att ni har stdttat mig nér jag har
behovt det, utan er hade denna tid inte varit lika ldrorik.

73



Christina Nord, du &r hést...nej men alltsa, bast! Stort varmt tack for att jag
far vara din och Financieras vén ¥. Nu ser jag framemot att fa hénga lite med
dig i stallet och ta en hérlig galopp ute i det fria.

Pierre Andersson och David Hansson, tack for ménga trevliga snusande
stunder, ni saknas mig.

Tack Frida Wende for den fina tiden da vi vankade i korridorerna
tillsammans och lycka till med doktorerandet snart dr det din tur (tiden gér fort
jag lovar).

Johan Mihler och Shahin Norbakhsh, tack for att ni holl uppe vérmen...nu
ar det lite svalare. Foljande underbara doktorander och fore detta doktorander
ska ha ett stort tack, Tobias Bolscher, Martin Palmqvist, Elizabeth Polido
Legaria, Hanna Eriksson Rohnisch, Josephina Werner, Kai Wilkinson, Lars
Eklund, Natalia Torapava, och fantastiska, fortjusande Olesya Nikonova.

Anke Herrmann, tack for att du finns, nu ser vi fram emot 12:e september
och efter det (eller innan) s& far vi ta ett glas vin eller tva. Tack ska ocksa
utdelas till Mattias Fredriksson, for trevliga luncher och hjilp med Matlab.

Anders Sandstrom ska ha ett stort tack for korrekturldsning av avhandlingen
och for att jag har fatt mojligheten att undervisa. Nér jag nu &r inne pa
undervisning s& ar det pa sin plats att Bernt Andersson fér det stort tack han
fortjanar, du har varit fantastisk att ha att géra med. Jan Eriksson, ska ha ett
stort tack for korrekturldsningen av avhandlingen, jag uppskattar verkligen
dina kommentarer. Ett stort, varmt tack till Suresh Gohil for all hjdlp med att
utvdrdera massdata (det blir latt ndgon timme hér och dér). Rolf Andersson och
nu Peter Agback ska ha tack for att ni har tagit er tiden att hjélpa till med allt
som har med NMR att gora. Ett betydande tack ska Sonja Jansson och Lena
Andersson ha for all hjilp med administrativa konstigheter sia som
reserdkningar, ledighetsansokningar, och andra viktiga papperssaker.

Det dr som sagt ménga som har bidragit till den fina samvaron hér pa
institutionen och jag vill tacka, Ingmar, Vadim, Gulaim, Daniel, Gunnar,
Elisabeth, Ali, Elsa, Yina, Seda, Aahana och Karin, for att ni ser till att alla
trivs.

I would like to thank all the people involved in the PolyModE project and then
a special thanks to Mirjam, Frangois, Richard and Murielle for a wonderful
collaboration on the alginate lyases.

Nu till livet utanfor jobbet som dven det ska tackas och hedras. Tack mina fina
”gamla” kursare Nilo, Linda och Yasmine for att vi fortsétter att trdffas och ha
kul. Min fina vdn Malin, ldngtar tills vi ses i sommar och grillar pa vart lilla
underbara Koster for det finns inget béttre &n det!

74



Josefine och Linnea utan er vore livet sa trist, tack for att ni finns 1 mitt liv,
dlskar er ¥!

Min élskade syster yster Maria, jag sdger det med tva latar: you can ”Count
On Me” ”Syster”. Min allra storsta stora syster Anna, tack for alla roligheter
som hinder nir jag dr med dig (funderar nu pa att ta upp triangel spelandet
igen). Min fina bror Marcus, tack for att du dr min fantastiska forebild, nu ska
dven jag borja trina (4r det ténkt). Ja, bittre syskon dn vad jag har kan man inte
ha, dlskar er sdda mycket!

Tack pappa, for att du dr en sann ingenjor hade du inte varit det sa hade nog
inte heller jag blivit det, sé stort tack!

Mamma, dlskade mamma tack for att du alltid far mig att kdnna mig sé
otroligt dlskad och for att du har format mig till den jag ar ¥.

Till sist vill jag tacka, min &lskade Lars, tack for att du &r precis som mig,
och for att du har stdttat mig hela védgen in i kaklet ©. Idun vart lilla mirakel,
du ska bara veta hur mycket jag dlskar dig, tack for att du forgyller mitt liv!

75



	Structural and Interaction Studies of Polysaccharides by NMR Spectroscopy
	Lena Lundqvist
	Faculty of Natural Resources and Agricultural Sciences
	Department of Chemistry and Biotechnology
	Uppsala
	Acta Universitatis agriculturae Sueciae
	2015:17
	ISSN 1652-6880
	ISBN (electronic version) 978-91-576-8233-8
	© 2015 Lena Lundqvist, Uppsala
	Print: SLU Service/Repro, Uppsala 2015
	Structural and Interaction Studies of Polysaccharides by NMR Spectroscopy
	Abstract
	Keywords: NMR spectroscopy, carbohydrate, polysaccharide, alginate, alginate lyase, carrageenan, lipopolysaccharide, Plesiomonas shigelloides.
	Author’s address: Lena Lundqvist, slu, Department of Chemistry and Biotechnology, P.O. Box 7015, 750 07 Uppsala, Sweden  E-mail: Lena.Lundqvist@slu.se
	Dedication
	To the best family in the world – My family!
	An expert is a person who has made all the mistakes that can be made in a very narrow field.
	Niels Bohr
	Contents
	List of Publications
	This thesis is based on the work contained in the following papers, referred to by Roman numerals in the text:
	I Eric Morssing Vilén, Lena C. E. Lundqvist, Diane Jouanneau, William Helbert, and Corine Sandström (2010). NMR Study on Hydroxy Protons of κ- and κ-/µ-Hybrid Carrageenan Oligosaccharides: Experimental Evidence of Hydrogen Bonding and Chemical Exchang...
	II Lena C. E. Lundqvist, Murielle Jam, Tristan Barbeyron, Mirjam Czjzek and Corine Sandström (2012). Substrate Specificity of the Recombinant Alginate Lyase from the Marine Bacteria Pseudomonas alginovora. Carbohydrate Research 352, 44-50.
	III François Thomas, Lena C. E. Lundqvist, Murielle Jam, Alexandra Jeudy, Tristan Barbeyron, Corine Sandström, and Mirjam Czjzek (2013). Comparative Characterization of Two Marine Alginate Lyases from Zobellia galactanivorans Reveals Distinct Modes of...
	IV Lena C. E. Lundqvist, Marta Kaszowska, and Corine Sandström. Structural Study of the O-specific Polysaccharide and the Core Oligosaccharide from the Lipopolysaccharide Produced by Plesiomonas shigelloides O24:H8 (Strain CNCTC 92/89) (manuscript).
	Papers I-III are reproduced with the permission of the publishers.
	The contribution of Lena C. E. Lundqvist to the papers included in this thesis was as follows:
	I Planning and discussion of the project together with the co-authors. Part of the experimental work, data analysis and writing.
	II Discussion of the project together with the co-authors. Planning and execution of all experimental work (NMR, SEC and MS), analysis of the data and the majority of the writing.
	III Discussion of the project with the co-authors. Planning and execution of all NMR and MS related experimental work. Analysis and writing of the NMR and MS related results.
	IV Initiation and planning of the project. All experimental work, analysis of the data and majority of the writing.
	Abbreviations
	1 Introduction
	1.1 Specific Aims
	2 Carbohydrates
	2.1 Carrageenans
	2.2 Alginates
	2.2.1 Alginate lyases

	2.3 Lipopolysaccharides
	2.3.1 Plesiomonas shigelloides


	3 Experimental
	3.1 Nuclear magnetic resonance (NMR) spectroscopy
	3.1.1 Structural analysis by NMR
	3.1.2 NMR of hydroxy protons

	3.2 Mass spectrometry
	3.2.1 Electron ionization
	3.2.2 Electrospray ionization
	3.2.3 Matrix-assisted laser desorption ionization

	3.3 Chromatography

	4 Result and Discussion
	4.1 Paper I – NMR of Hydroxy protons of κ- and κ/μ-hybrid carrageenan oligosaccharides
	4.1.1 κ/μ hybrid carrageenan oligosaccharides
	4.1.2 κ carrageenan oligosaccharides
	4.1.3 Conclusion

	4.2 Paper II and Paper III – Characterization of three alginate lyases from the two marine bacteria Pseudomonas alginovora and Zobellia galactanivorans
	4.2.1 Alginate lyase from Pseudomonas alginovora
	4.2.2 Alginate lyase AlyA1 from Zobellia galactanivorans
	4.2.3 Alginate lyase AlyA5 from Zobellia galactanivorans
	4.2.4 Conclusion

	4.3 Paper IV – Structural study of the LPS from the Gram-negative bacteria Plesiomonas shigelloides
	4.3.1 The O-specific repeating unit
	4.3.2 The core oligosaccharide
	4.3.3 Conclusion


	5 Conclusions and Further Perspectives
	References
	Acknowledgements


